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Abstract 

Ceramics are the major category of materials that have attractive mechanical, thermal, and 

electrical properties, resistance to high temperature, chemical inertness, and biocompatibility. 

Therefore, these materials have been employed in various advanced applications in the 

automotive, aerospace, defense, nuclear, and bio-medical sectors. The fabrication of high-

quality complex-shaped ceramic components is particularly needed for achieving specific 

functions. The machining of sintered ceramics to make complex shapes is an energy-intensive, 

costly, and slow process. In this respect, the near-net shaping strategy is an essential part of 

ceramic fabrication. Ceramic fabrication techniques such as powder pressing, slip casting, tape 

casting, gel casting, injection molding, extrusion, and additive manufacturing are extensively 

used to produce ceramic components of various shapes and dimensions. Various processing 

additives such as solvents, dispersants, binders, plasticizers, lubricants, and antifoams are 

generally utilized in these processes to achieve specific processing requirements. Currently, 

most of the additives used are petroleum-based organic compounds that create environmental 

impacts and global warming. One of the approaches to avoid these problems is to replace toxic 

organic solvents with water and other synthetic additives with naturally renewable molecules. 

In the present work, natural rubber latex (NRL), a naturally renewable bio-polymer, has been 

utilized as a binder in the processing of alumina ceramic by powder pressing, slip casting, tape 

casting, and gel casting. 

NRL is used as a binder in powder pressing of alumina. The ammonium poly(acrylate) 

dispersed alumina slurry and NRL form well-dispersed co-dispersions easily using magnetic 

stirring due to their high negative surface potentials in the pH range of 9.6 to 10. The granulated 

feedstock for powder pressing is prepared through co-coagulation of the co-dispersions using 

a formic acid solution followed by centrifugation, drying, and grinding. The average particle 

size of the coagulated co-dispersions increases from 0.34 to 12.30 µm when the concentration 

of NR increases from 0 to 10 wt.%. The feedstock granules prepared using 6 and 8 wt.% NR 

concentrations have superior flow properties as evidenced by the flow time and Hausner ratio 

measurements. The powder-pressed compacts achieve a maximum green density of 67.7 %T.D. 

at a relatively low compaction pressure of 20 MPa due to the highly flexible NRL binder. The 

green compacts exhibit uniform microstructure. The green compacts prepared at 2 wt.% NR 

shows severe end capping due to poor mechanical strength. The green strength increases from 

0.55-1.91 MPa when the NR concentration increases from 4 to 10 wt.%. A remarkable increase 

in green strength in the range of 2.30-9.39 MPa (almost 2.3 to 6 times) is achieved on annealing 
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the pressed compacts at 200℃ due to the cross-linking of NR chains through the carbon-carbon 

double bonds induced by the Lewis acid character of alumina. The annealed green compact is 

amenable to machining by milling, drilling, and lathing using conventional machines and tools. 

The cross-linked NRL binder shows a near-steady state of burn-out without creating any crack 

in the green body. The powder-pressed bodies sintered at 1550 ℃ show 18% linear shrinkage, 

97% T.D., and 1.8 µm average grain size.  

NRL is studied as a binder in the slip casting of alumina and the results are compared with that 

of slip casting using a conventional polyvinyl alcohol (PVA) binder. The polyacrylate 

dispersed aqueous alumina slurry and NRL form co-dispersions easily due to their high 

negative surface potentials. The slip casting slurries prepared using the NRL binder achieves 

a high alumina loading in the range of 40 to 55 vol.% compared to the 41.1 vol.% achieved 

with 2 wt.% PVA binder. The alumina-NRL co-dispersions show shear thinning flow behavior 

with viscosity and yield stress values suitable for slip-casting. The cast layer thickness formed 

in one hour decreases from 8.5 to 4.2 mm when the NR concentration increases from 0 to 8 

wt.% due to the gelation of NR binder at the mold-cast layer interface. The cast layer thickness 

formed in one hour at 4 wt.% NR concentration increases from 4.13 to 6.5 mm when the 

alumina slurry concentration increases from 40 to 55 vol.%. The cast layer thickness formed 

from alumina slurry containing NRL binder is nearly 3 times higher than that formed from an 

aqueous slurry of the same alumina concentration containing 2 wt.% PVA binder. The slip-

cast alumina bodies produced using NRL binder exhibit higher green density in the range of 

53.4 to 62.5 % T.D. compared to 52.1% T.D. achieved from alumina slurry containing 2 wt.% 

PVA binder. The binder migration normally noticed in slip casting using water-soluble PVA 

binder is not observed in NRL binder-based alumina slip casting. The green strength increases 

from 0.45 - 1MPa by increasing the NR concentration from 0 to 8 wt.%. The strength increases 

to 0.45 - 9.68 MPa on annealing the green bodies at 200℃ due to the cross-linking of NR. The 

annealed slip-cast green bodies are amenable to machining by milling and drilling using 

conventional machines and tools. The slip-cast alumina bodies sintered at 1550℃ show 

97%T.D. with a homogeneous microstructure and 1.82 µm average grain size. The slip casting 

using NRL binder is capable of producing crucibles of wall thickness as low as 1.2 mm. 

The NRL is proposed as an eco-friendly binder in the aqueous tape casting of alumina. The 

tape casting slurries prepared by mixing 58.2 vol.% alumina slurry dispersed using the 

ammonium poly(acrylate) dispersant and NRL show shear thinning flow behavior and 

adequate viscosity and yield stress values. Tape casting slurries of high total solids loading in 
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the range of 60.57 to 60.88 vol.% is achieved at NR concentrations in the range of 14.2 to 18.1 

wt.%. The high solid content of the tape casting slurry formulations enables the fast drying of 

the cast tape within a reasonable time of 15 minutes at 70℃. The strength, modulus, and % 

elongation at break of the green alumina tape are in the ranges of 1.62 to 1.85 MPa, 267.5 to 

50.8 MPa, and 41 to 254 %, respectively, at NR concentrations in the range of 14.2 to 18.1 

wt.%. Annealing in between two glass plates transforms the flexible green tape to a rigid and 

brittle one due to the self-cross-linking of NR which avoids its curling at the edges during the 

binder removal. Roll pressing of the green tapes produces a remarkable improvement in 

microstructure and density at a thickness reduction of 20%. The roll-pressed green tape 

achieves a density of 98.5% T.D by sintering at 1600oC. The sintered tapes show a uniform 

microstructure with an average grain size of 3.2 µm. 

NRL is employed as gelling agent and binder in the freeze-gel casting of alumina. The alumina-

NRL co-dispersions prepared by mixing ammonium poly(acrylate) dispersed 58.2 vol.% 

aqueous alumina slurry and concentrated NRL show low viscosity and yield stress values 

required for gel casting. The gelation of the co-dispersions is achieved by freezing in a mold 

and  subsequent mold removal and thawing in an acetone medium. The growing ice crystals 

disrupt the protein layer on the latex particles leading to their coagulation. The exchange of 

water with acetone during thawing in an acetone medium strengthens the alumina-NR particle 

network by further coagulation. The minimum concentration of NR required to percolate and 

form a stable alumina-NR gel is 8 wt.% by weight of the alumina powder. The strength and 

modulus wet gel achieved are 60 kPa and 640 kPa, respectively, which are sufficient for 

handling during further processing. The frozen body passes through a semi-fluid state during 

thawing which enables the gel to flow and fill the space created by the melting of ice crystals 

leading to dense ceramics. The acetone exchange enables faster drying of the gel bodies at 

room temperature without creating any deformation or crack. The diametrical compressive 

strength and modulus of the dried green body are 0.34 MPa and 18 MPa, respectively. The 

diametrical compressive strength and modulus improve to 2.14 MPa and 150 MPa, 

respectively, on annealing at 200 ℃ due to cross-linking of NR chains. The green bodies on 

debinding and sintering at 1550℃ produce alumina ceramics of uniform microstructure with 

~96% T.D and 1.3 µm average grain size. The freeze-gel casting using NRL binder has the 

capability to fabricate near-net shape alumina ceramics.  

NRL functions as a pores stabilizer and binder for the preparation of macroporous alumina 

ceramics by freeze-gel casting without freeze drying. The gels prepared by freezing and 
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thawing the alumina powder-NRL co-dispersions achieve shape stability at a minimum NR 

concentration of 20 wt.%.  A 20 wt.% NR is required to stabilize the pores in gels prepared at 

alumina slurry concentrations in the range of 42.72 - 25.44 vol.% whereas 30 wt.% NR is 

required to prevent pore collapse in gels prepared from a slurry of alumina concentration up to 

15 vol.%. Two-times acetone exchange removes ~ 96.5 % of the water present in the gels which 

results in fast drying, low drying shrinkage, and a smooth green body surface. The diametrical 

drying shrinkage varies from 2.1 to 10.32 % when the alumina slurry concentration varies from 

42.74 to 15 vol.%. The cross-linking of NR chains by annealing at 200 ℃ prevents the melting 

of NR and thereby avoids pores collapse during binder removal. The achieved porosity (44.5 

to 71.12 % at alumina slurry concentration in the range of 42.74 to 15 vol.%) by acetone 

exchange followed by air drying is lower by 10-15 % of the porosity obtained by freeze-drying 

of the corresponding frozen bodies. Macroporous ceramics produced from the frozen bodies 

by both the acetone exchange followed by air drying and freeze-drying methods exhibit a 

similar lamellar pore structure. The lamellar pore width in ceramic obtained by the acetone 

exchange followed by the air drying route is lower by nearly 42 % than that obtained by freeze-

drying due to the pore shrinkage during air drying of the acetone exchanged bodies. The 

macroporous ceramics show a compressive strength and Young’s modulus in the ranges of 3.8 

to 35.3 MPa and 306.2 to 1486.5, respectively, at an alumina slurry concentration in the range 

of 15 to 42.74 vol.%.  
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Chapter 1 

1. Introduction 

Ceramics are one of the major categories of materials that are defined as “inorganic, 

non-metallic solids” (Kingery et al., 1976). The word ‘ceramic’ came from the Greek word 

‘keramikos’ meaning ‘burnt stuff’ in Greek or ‘to burn’ in Sanskrit. Ceramic materials are 

specially characterized by their physicochemical properties such as high strength, high-

temperature stability, high hardness, low thermal and electrical conductivity, chemical 

inertness, and low fracture toughness (P.Greil et al.,2002; M.Vallet-Regí et al.,2001; S.F.Wang 

et al.,2013; L.Levinson.,2020). A strong covalent or ionic bonding or a combination that exists 

between the atoms in ceramics is the reason for their remarkable properties. Consequently, 

ceramics are increasingly used in structural and functional applications in aerospace, defense, 

nuclear, automotive, environmental, and pharmaceutical sectors (D.W. Richerson et al., 2018; 

T.E.Steyer et al., 2013). Generally, ceramics are classified as traditional and advanced 

ceramics. Traditional ceramics are made from clay-based natural raw materials and are mostly 

porous, non-uniform, multi-phase microstructure after heat treatment. These ceramics are 

employed in refractories and household applications. On the other hand, advanced ceramics 

are made from natural or synthetic raw materials of high purity, controlled particle size 

distribution (PSD), and chemical composition, using sophisticated technologies that resulted 

in tailored microstructure and properties (S.Somiya et al., 2013). Advanced ceramics are 

further classified based on chemical composition as oxides and non-oxides. Alumina (Al2O3), 

zirconia (ZrO2), magnesia (MgO), barium titanate (BaTiO3), lead zirconium titanate (PbZrxTi1-

xO3) are some of the oxide ceramics. Important candidates of the non-oxide ceramics include 

silicon carbide (SiC), silicon nitride (Si3N4), boron nitride (BN), aluminum nitride (AlN), 

titanium diboride (TiB2), zirconium diboride (ZrB2) and molybdenum disilicide (MoSi2). 

According to W.M. Sigmund, advanced ceramic materials should have high reliability, 
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sufficient strength, and easy processability to produce near-net shape components (W.M. 

Sigmund., 2000). 

The strength of the ceramic material is given by the Griffith equation (Griffith., 1921) as in 

equation (1), 

𝝈𝒇 = 𝑨ට𝑬𝜸
𝒄ൗ      (1) 

Where σf is the fracture stress, E is the elastic modulus, γ is the fracture energy, c is the 

flaw size and A is a constant that depends on the specimen and flaw geometries. Here, the 

strength varies inversely with the square root of flaw size. So, the presence of defects or 

heterogeneities like cracks, agglomerates, pores, and inclusions in ceramics greatly affects its 

final strength. According to F.F. Lange, the strength limiting heterogeneities in ceramic such 

as soft and hard agglomerates, organic and inorganic inclusions, large grains, and surface 

cracks may co-exist and it varies with the ceramic material and processing method (F.F. 

Lange.,1989). These heterogeneities act as stress concentrators and strength-limiting factors. 

Therefore, a large number of processing techniques are developed to reduce the strength-

limiting flaws and to produce more reliable ceramics with near-net-shapes. 

1.1. Ceramic forming 

The production of ceramic materials through melt casting is not a practical option since ceramic 

materials have a high melting point (1000 - 3000℃). G. Liu et al described the high gravity 

combustion synthesis such as melt-casting, and melt-infiltration for preparing bulk ceramics, 

glasses, and cermets in metal ingots through melt solidification (G.Liu et al., 2012; G Liu et 

al., 2013) and synthesized Al2O3 ceramic with 93 % theoretical density (T.D). The problem of 

porosity and uncontrolled grain growth occurs during solidification.Noreover, the ceramics 

such as Si3N4 and SiC undergo decomposition before the melting point restricted their melt 

casting (M. N. Rahaman., 2017; F. F. Lange., 1989). Therefore, the ceramic processing is 
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shifted from the melt-casting technique to the consolidation of fine powders to near-net-shapes 

followed by sintering. The basic steps in advanced ceramic processing include (1). Preparation 

of feedstock powder granules or powder suspensions, (2). consolidation to the green body 

(shape forming), (3). Drying and de-binding, and (4). Sintering (M.Trunec et al., 2014). 

Generally, the starting materials for the fabrication of advanced ceramics are sub-micron 

or nanometer-sized ceramic powders. Further, the ceramic powders are consolidated into 

shapes by various forming techniques. The selection of a processing method is based on the 

size and shape of the component, cost, production rate, reproducibility, reliability, and 

environmental impact (H. K.Bowen., 1983). Based on the intermediate feedstock, the ceramic 

forming can be classified as powder metallurgical, slurry-based casting, plastic forming routes 

(R. Moreno., 2012), and the recently developed additive manufacturing (G.V. Franks et al., 

2017; E. Peng, 2018). Alternatively, based on the mechanism of powder consolidation such as 

compaction, fluid removal through filtration and evaporation, particle flow, flocculation, 

coagulation, and gelation, ceramic forming is also classified. (J. A. Lewis, 2000; L.Bergstrom, 

2001; R. Moreno, 2012). The corresponding forming processes are termed as powder pressing, 

slip casting, tape casting, electrophoretic deposition, gel casting, direct coagulation casting, 

injection molding, extrusion, and additive manufacturing. 

Various additives are used in ceramic forming to achieve specific functions during powder 

consolidation (D.J. Shanefield., 2013; M.Trunec et al., 2014). Some of the important additives 

are solvents, binders, dispersing agents, plasticizers, lubricants, and anti-foaming agents. The 

consolidated shapes after the removal of the solvent by drying are known as the “green body” 

(unfired body). The desirable characteristics of a green body are (L.Bergstrom., 2001): 

i. Uniform packing of particles. 

ii. High density. 
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iii. Small pores and narrow pore size distribution. 

iv. High strength for handling, storage, machining, and heat treatment 

v. No defects such as agglomerates, cracks, warpage, etc. 

1.2. Processing additives in ceramic forming 

As mentioned above, various types of additives are used in ceramic processing for attaining 

specific functions during powder dispersion and particle consolidation. The additives provide 

a supporting role in ceramic processing. Criteria for the selection of additives are that they 

should meet the respective function with a minimum quantity and should get rid of the 

consolidated body through evaporation or burnt-out without making any kind of defects. The 

names of various additives and their functions are briefly described below: 

1.2.1. Solvents: 

Solvents act as a medium for the dispersion of ceramic powders and to dissolve other additives 

such as dispersants, binders, and plasticizers. The criteria for the selection of a solvent are low 

viscosity, easy wettability of the particle surface, low boiling point, non-reactivity with ceramic 

powder, non-toxic, low-cost, and compatibility with other additives (D. McKinney et al., 2013). 

Ceramic forming is carried out using both aqueous and non-aqueous solvents (X. Ba et al., 

2013; M.Michálek et al., 2015). Organic solvents like methyl ethyl ketone, trichloroethylene, 

toluene, ethanol, and cyclohexanone are commonly used in ceramic forming that have the 

benefits of low viscosity, low surface tension, and low latent heat of vaporization as compared 

with water (D.J. Shanefield., 2013). As a result, organic solvents are preferred in the tape 

casting process where the drying and smooth surface of the tape are required to achieve in a 

shorter time (M. N. Rahaman., 2017). The demerits of using organic solvents are high cost, 

toxicity, flammability, personal hazards, and environmental pollution due to waste disposal. 

Water is commonly employed as a solvent in ceramic forming as it is a universal solvent, 

largely available and non-toxic. Water has a high dielectric constant of 80 as compared to 
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organic solvents. So, the ionization of surface functional groups such as carboxylic groups (–

COOH or –COO-M+), sulphonic acid and their salts(-SO3H or SO3
-M+), basic amino groups (-

NR3), quarternary ammonium groups (-NR4
+X-) that promote dispersion of particles occurs in 

an aqueous medium. The hydrogen bonding interaction between various additives that promote 

gelation also occurs in an aqueous medium (D.Hanaor et al., 2012). Moreover, the stable 

dispersion of ceramic particles through an electrostatic mechanism by pH adjustment and 

electrosteric stabilization using a polyelectrolyte dispersant is possible in an aqueous medium 

(B.P. Singh et al., 2005). The dispersion stability is controlled by ionic strength, pH, surface 

charge density, and concentration of dispersant. In addition, water acts as a plasticizer for the 

binders like polyvinyl alcohol (PVA) and polyethylene glycol (PEG) in powder pressing 

(C.W.Nies et al.,1984; S.D.Nunn et al.,1996). However, water is not a good solvent medium 

for ceramic powders such as  BaTiO3, and AlN as they react with water during the processing. 

However, the low evaporation rate and slightly high viscosity compared to organic solvents are 

other demerits of water as a solvent in ceramic processing.  

1.2.2 Dispersing agents: 

The dispersing agent provides stability to ceramic particles against flocculation. This facilitates 

homogeneous dispersion of particles in the solvent leading to low-viscosity slurries of high 

solids loading (R.R.Rao et al.,2001; J. Kim et al.,2022). Generally, the dispersing agents used 

in an aqueous medium are ionizable simples molecules and polymers and  ions. The dispersing 

agent is adsorbed on the ceramic particle surface and provides stability to the ceramic powder 

suspensions through either electrostatic, steric, or electrosteric mechanisms. The dispersant can 

be a simple molecule of low molecular mass such as citric acid (P.Hidber et al.,1996), 

diammonium hydrogen citrate, sodium pyrophosphate (K.S.Chou et al., 1989), sodium 

carbonate (R.Jewad et al.,2008) and 4,5- dihydroxy-1,3-benzene disulfonic acid (Tiron) (L. 

Jiang et al.,2003), or a high molecular weight polyelectrolytes such as sodium carboxymethyl 
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cellulose, ammonium lignosulfonates, ammonium poly(acrylate) and ammonium 

poly(methacrylate) (D. Hotza et al.,1995; A.J. Ruys et al.,1996). Low molecular weight 

dispersing agents provide stabilization for dispersions of moderate concentrations through 

short-range electrostatic repulsion of the electrical double layer (EDL). On the other hand, 

poly(acrylates) provide electrosteric stabilization for highly concentrated powder dispersions. 

The structure of various dispersants used in ceramic forming is presented in Fig.1.1 

Citric acid 

 

Diammoniumhydrogen 
citrate 

 

Sodium 
pyrophosphate 

 

Sodium 

carbonate 

 

4,5- dihydroxy-1,3-
benzene disulfonic 

acid (Tiron) 

 

Sodium carboxymethyl 
cellulose 
 
 

 

Ammonium 
polyacrylate 

 

Polymethacrylic 
acid 

 

Ammonium lignosulfonates 

 

Fig.1.1 Molecular structures of aqueous dispersing agents 

The dispersion of ceramic powder in a non-aqueous medium is by the steric mechanism. 

Block co-polymers with hydrophilic and hydrophobic segments and polyethyleneimine offer 

steric stabilization in a non-aqueous medium. J. Zhang et al used high molecular weight 

polyvinyl pyrrolidone as a dispersant for the non-aqueous processing of SiC (J. Zhang et 
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al.,2005). On the other hand, short-chain molecules such as fish oil, vegetable oils, phosphate 

esters, glycerol trioleate, and long-chain fatty acids, amines, and alcohols offer semi-steric 

stabilization in non-aqueous medium to prepare slurries for the process like tape casting 

(U.Paik et al.,1998; L.Guo et al., 2016). The structure of dispersing agents used in the 

nonaqueous medium is given in Fig.1.2. 
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Fig.1.2 Molecular structures of non-aqueous dispersing agents 
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1.2.3 Binder 

The binders provide strength to the green bodies for handling, storing, machining, and heat 

treatment (S.D.Nunn et al.,1996; S.Dhara et al., 2005; C.Falamaki et al.,2006). Binders may 

also act as a dispersant, plasticizer, liquid retention agent, and rheology modifier depending on 

their type and the forming method used (J.S. Reed.,1995). The binders can be either inorganic 

or organic simple molecules or bulky polymers. They can be either synthetically prepared 

polymers or naturally renewable molecules (J.S. Reed.,1995; M. N. Rahaman., 2017). The 

selection of a binder for a ceramic shape forming is based on the following desirable 

characteristics (M. N. Rahaman., 2017; D.J. Shanefield., 2013). 

i. Low cost and high availability. 

ii. Low glass transition temperature. 

iii. Slow and steady burnout  

iv. Low ash content. 

v. Good compaction behavior. 

vi. High green strength. 

vii. Compatibility with other additives. 

Bentonite (G.P. Jiang., 2009), ball clay and kaolin (Y. Y. Li et al.,2001) are some of the 

inorganic clay-based binders that are used in ceramic forming as their colloidal dispersions in 

water. Here, the charged clay particles adsorbed on ceramic particles are bonded together due 

to the opposite charges on their edges and faces as shown in Fig.1.3 to generate plasticity and 

yield strength to the green body (J.A.Lewis., 2000). 
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Fig.1.3 (a). Clay-particle dispersed in water, (b). hetero-coagulation of clay particles due to 

opposite charged edges and faces (J.A. Lewis.,2000). 

Other inorganic binders are soluble silicates, organic silicates, colloidal alumina, 

colloidal silica, aluminates, and phosphates (D.W. Richerson et al., 2018). Inorganic binders 

do not burn off from the green body and they become part of the ceramic component. X.Xu et 

al studied the effect of three inorganic binders such as silica particles, SiO2-B2O3 mixture, and 

silicon particles on the properties of mullite fibrous ceramics by tertiary butyl alcohol (TBA)-

based gel-casting (X. Xu et al., 2017). They found that the binders played an important role in 

tailoring the microstructure and properties of the ceramics. Additionally, the ceramic prepared 

using silica as binder sintered at 1500 °C exhibited relatively low compressive strength 

compared to the SiO2-B2O3 mixture as a binder. Further, according to them, the silicon binder 

is found most suitable for the high-temperature environment as silicon could transform into the 

silica phase with a high melting point. 

In the processing of advanced ceramics, synthetically prepared organic polymeric 

binders are used for achieving high green strength (B.P.Singh et al.,2004; M.D.Vlajic et al., 

2002). These binders can be of low or high molecular weight polymers which are either soluble 

in water or organic solvents. Water-based acrylic polymer emulsions are also used as binders 

(J.Moon et al.,2002; C.Pagnoux et al.,1998; M.Szafran et al.,2001). These acrylic emulsion 

binders have advantages such as low viscosity and high solid content compared to the water-
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soluble binders. In ceramic shape forming processes like gelcasting polymers produced in-situ 

from organic monomers and the cross-linking agent are used to bind the ceramic particle 

(A.C.Young et al.,1991; M.A.Janney et al.,1998; K.Cai et al.,2005;).The major benefit of 

organic binders is the easy burn-out with little ash content and other contaminations compared 

to inorganic binders. The burn-out residue in acrylic emulsion binder, PVA, and PEG are 0.2-

0.4, 0.4, and 0.4 %, respectively (X. K. Wu et al., 1997). The structure of some of the binders 

soluble in the aqueous and non-aqueous medium is presented in Fig.1.4. 

Water-soluble binders 
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Fig.1.4. Molecular structure of polymeric binders soluble in aqueous and non-aqueous 

medium. 
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The polymeric binders are used as their low molecular weight liquid form called resin, 

as a solution in a suitable solvent and in molten condition (G.Y.Onoda Jr.,1976). The strength 

of the green body is decided by the bonding between the binder molecules or the binder and 

ceramic particles. The different types of bonding are Van der Waals attractive forces, hydrogen 

bonding, and covalent bonding through polymerization and cross-linking. The strength of the 

binder may be explained by the resistance to the de-bonding fracture that occurs by the action 

of mechanical force (S.A. Uhland et al., 2001). The de-bonding occurs in two ways: one is a 

binder-binder fracture and the other is through the binder-ceramic particles fracture. A 

schematic representation of the mode of fracture in ceramic green bodies is presented in 

Fig.1.5.  

a  b  

Fig.1.5 Schematic representation of modes fracture of ceramic green body a). binder-binder 

b).binder-ceramic (S.A.Uhland et al., 2001) 

The force required to break a bond or the strength of a binder is given in equation (2) as, 

𝐹 = 𝑆௢ 𝐴  (2) 

where 𝑆௢ is the cohesive or adhesive strength of a binder and A is the cross-sectional area of a 

binder at the particle neck (S.A.Uhland et al., 2001; G.Y.Onoda Jr.,1976). The distribution of 

binder significantly affects the strength of the green body. G.Y.Onoda Jr, classified binder 

distribution on ceramic particles in a green body into non-wetting type, the pendular, and 
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coated type depending on the wetting behavior, viscosity of the liquid, and capillary forces 

(G.Y.Onoda Jr.,1976). A schematic representation of different modes of binder distribution on 

particle surface in a green body is shown in Fig.1.6. Further, they concluded through strength 

measurements that the pendular type distribution is highly effective compared to the coated 

type. Additionally, the other parameters that decide the green strength are the density of the 

green body, the molecular weight of the binder, and the cohesive or adhesive strength of the 

binder. 

 

Fig.1.6 Organic binder distribution on ceramic particles (A). non-wetting, (B).wetting 

(pendular type), (C).coated-type (G.Y.Onoda Jr.,1976). 

1.2.3.1 Chemical interaction of binders 

Van der Waals forces including hydrogen bonding and covalent bonding through 

polymerization and cross-linking are the different types of interactions between the additives 

and additives with the ceramic powders (D. J.Shanefield et al., 2013). This interaction decides 

the physical properties such as density, mechanical strength, and machinability of the green 

bodies. Q.Wei et al studied the cohesive energy density, mechanical properties, bonding 

behavior, and surface morphology of three polymer binders such as polyvinyl pyrrolidone 

(PVP), polyacrylamide (PAM), and polyvinyl alcohol (PVA) through the molecular dynamics 

simulation using hydroxyapatite (HA) ceramics (Q.Wei et al., 2017). In that study, they 

calculated the cohesive energy density of the polymer binders for evaluating the interaction 

force between molecules or among functional groups with HA. Further, all properties related 

to material interactions, such as solubility, compatibility, and viscosity are intrinsically linked 
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to cohesive energy. Moreover, the trend of compressive strength is consistent with the 

simulated binding energies. 

The cross-linking of polymers in solution through simple molecules and the interaction 

of polymers with the surface of ceramic particles are used to improve the strength of bonding 

in ceramic green bodies. S. B. Johnson et al reported that the cross-linking of chitosan using 

2,5- dimethoxy-2,5-dihydrofuran (DHF) improves the strength of green ceramics (S.B. 

Johnson et al., 2002). M.Potoczek et al. introduced polyurethane emulsion binder in the powder 

pressing of alumina and the chemical interaction between the binder and the ceramic powder 

is mainly hydrogen bonding, which improved the polymer adhesion to the ceramic particles 

(M. Potoczek et al., 2003). The schematics of the cross-linking of chitosan through DHF and 

the interaction between polyurethane binder and alumina particles surface are shown in Fig.1.7.  

 

Fig.1.7 The schematics of (a) the cross-linking of chitosan using DHF (S.B. Johnson et al., 

2002), (b) the H-bonding interaction between the polyurethane polymer and alumina ceramic 

powder (M.Potoczek et al., 2003).  

1.2.4 Plasticizer 

Plasticizers are required in the ceramic forming processes such as tape casting, injection 

molding, and extrusion to provide flexibility and plasticity to the green body (D.Hotza et 

al.,1995; Z.Xie et al., 2005). The function of a plasticizer is to reduce the glass transition 
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temperature of the binder and make it flexible at the processing temperature. The plasticizing 

effect depends on chemical composition, molecular weight, and functional group. The 

plasticizer decreases the green strength and modulus but it increases the percentage elongation 

(D. H. Kim et al., 2004). Polyethylene glycol, polypropylene glycol, glycerol, dibutyl phthalate, 

butyl benzyl phthalate, and dioctyl phthalate are some of the commonly used plasticizers. 

Among them, glycerol, polyethylene glycol, and polypropylene glycol are water-soluble 

plasticizers (D. Hotza at al.,1995). The chemical structure of some of the plasticizer molecules 

employed in ceramic forming is shown in Fig.1.8. J. Nie et al employed polyethylene glycol 

and dibutyl phthalate as plasticizers that affect the rheological characteristics of the ceramic 

paste and quality of the green body in the stereolithography-based additive manufacturing of 

alumina ceramics (J. Nie et al., 2021). Z. Xie et al studied the effects of different plasticizers 

including dibutyl phthalate, organic alcohol glyceryl, caster oil, and surfactants including 

stearic acid, oleic acid, and Tween 80 on the behavior of zirconia suspensions for the injection 

molding using polypropylene, paraffin wax, and ethylene-vinyl-acetate binders (Z. Xie et al., 

2005). They concluded dibutyl phthalate as a plasticizer and stearic acid as a surfactant for the 

process through the measurements of rheological properties, density, flexural strength, and 

hardness. 

 

 
Ethylene glycol Polyethylene glycol Polypropylene glycol 

 

Glycerol Dibutyl phthalate Dioctyl phthalate 

Fig.1.8 The molecular structure of commonly used plasticizers. 
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1.2.5 Antifoaming agent 

The antifoaming agents are surface active agents that are added to prevent the foaming action 

of dispersing agents and binders in a ceramic powder suspension. The most common examples 

are long-chain alcohols such as octanol-1, octanol-2, oleic acid, and cetyl alcohol (B.P. Singh 

et al., 2004). The molecular structure of the commonly used antifoaming agents are shown in 

Fig.1.9.  

Octanol-1 Octanol-2 Oleic acid  

 

Cetyl alcohol  

 

Fig.1.9 Molecular structure of some antifoaming agents. 

1.2.6 Lubricant 

The function of a lubricant is to reduce inter-particle and die-wall friction in the ceramic 

forming process such as powder pressing, injection molding, and extrusion (D.W. Richerson 

et al., 2018). In powder pressing, the lubricants are classified as external lubricants and internal 

lubricants (M.Uppalapati et al., 2005). Internal lubricants are added to the ceramic slurry before 

spray drying. This reduces particle friction, promotes better flow under high pressure, decreases 

the number of defects, and improves green density. On the other hand, external lubricants are 

dry mixed with spray-dried powder which lubricates the die and punches and improves the tool 

life (E. J. Motyl., 1963; H. J. Glass et al., 1995). Stearic acid is a commonly used lubricant in 

ceramic forming. W.J.Tseng et al studied the effect of stearic acid as a lubricant on particle 

packing and microstructure in the injection molding of zirconia using a wax binder (W.J.Tseng 

et al., 1999). Fig.1.10 depicts the molecular structure of stearic acid. 
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Stearic acid 

 
Fig.1.10 Molecular structure of stearic acid 

 
1.3 Ceramic forming processes 

There are various ceramic shape-forming processes such as powder pressing, slip-casting, gel-

casting, direct coagulation casting, tape casting, extrusion, injection molding, and additive 

manufacturing. The ceramic components are prepared from the respective powders by adopting 

a suitable shape-forming process. The processing method is selected based on the size and 

complexity of the shape, reliability requirement of the final ceramic component, the volume of 

ceramic components required, production rate, and cost (S.Leo et al.,2014, R.J.Brook .,1985; 

E.C.Hammal et al., 2014). The properties and performance of advanced ceramic materials 

depend on so many factors like purity, chemical composition, particle size, particle size 

distribution and specific surface area of ceramic powders, processing method, microstructure, 

chemical bonding, and grain size (L.F.Francis., 2015, C.Tallon et al.,2010; R.Moreno et 

al.,2020,  W.E. Lee et al., 1994). Of which, if we keep raw material's quality and their properties 

as optimum (flaws or defects from the raw powders at the minimum level), then the processing 

route is the dominant parameter that determines the microstructure and the performance of a 

ceramic component. Nowadays, environmental pollution and global warming are the major 

issues. One of the ways to reduce these issues is to replace the synthetically prepared processing 

additives with naturally renewable, eco-friendly bio-based materials (A.Vinod et al., 2020; 

P.Wiecinska et al., 2020). A detailed review of the ceramic forming techniques with a focus on 

binders is presented in the following session. 

 



17 
 

1.3.1 Powder pressing 

Powder pressing is the most widely used method for the production of a large number of 

ceramic components of relatively simple shapes in a short duration of time (S.J. Glass et al., 

1997). More complex shapes could be achieved by a combination of powder pressing and green 

machining approaches. Powder pressing has been used for the production of magnetic, and 

dielectric ceramics, cutting tools, ceramic tiles, porcelain products, structural clay products, 

and grinding wheels (D.W.Richerson et al., 2018; T.A.Otitoju et al., 2020). In this method, the 

freely-flowing ceramic granules are compacted in hardened steel dies by applying a high 

compaction pressure using a mechanical or hydraulic machine. The granulation of ceramic 

powder is achieved through the spray drying of an aqueous ceramic powder suspension 

containing a suitable binder and a lubricant (S.N.Grigoriev et al.,2022; S.J.Lukasiewicz et 

al.,1989). Normally high-density green compacts are obtained through pressing (R.Oberacker 

et al.,2011). The moisture or water content in the green body is generally less than 2 wt. %. 

Consequently, drying-related defects such as cracks and binder-migration are limited in powder 

pressing. The machinability of the green compacts depends on the green strength (B.Su et al., 

2008; S.D. Nunn et al.,1996). A schematic of powder pressing and morphology of typical 

granulated feedstock for powder pressing are shown in Fig.1.11 and Fig.1.12, respectively.  
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Fig.1.11 Outline of a typical dry pressing process  

 

 

Fig.1.12 A low (a) and high (b) magnification image of spray-dried alumina granules 

(A.Tsetsekou et al.,2001). 

 

a 

b 
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The defects such as delamination, end-capping, ring-capping, crack, and residual porosity 

in sintered ceramics are commonly reported in powder pressing (P. Balakrishna et al.,1996; S.J. 

Glass et al., 1997). Low strength of the green body, non-homogeneous density, friction between 

the particles as well as particles and mold wall, and the presence of agglomerates are some of 

the reasons for these defects. During compaction, the distribution of the pressure is not 

homogeneous from the top surface to the bottom of the green body, and the density of the 

compacts is directly related to the compaction pressure. Due to this, the density gradient in the 

sample prepared by uniaxial pressing is normally observed. In addition, the uniaxial powder 

pressing is limited to relatively simple shapes. To some extent, these defects can be eliminated 

by cold isostatic pressing. In cold isostatic pressing, the granulated powder filled in a 

deformable mold (rubber mold) is pressurized in a fluid medium to achieve uniform 

compaction of the powder. The steps involved in industrial powder pressing are: 

1. Mold filling with the granulated powder  

2. Compaction of the powders to green body 

3. Ejection of the green body 

4. Machining, if required  

5. Binder removal and Sintering 

Powders in the form of granules are desirable in pressing for a good flow to fill into the 

mold and making the process continuous. Normally granulation of the fine powders (1-10µm) 

is carried out by spray-drying or spray granulation (S.J.Lukasiewicz et al.,1989; R.G.Frey et 

al., 1984). The spray drying converts the fine powders into spherical agglomerates of size in 

the range of 40-400 µm with an average size of 100 to 200µm which is the preferred size 

distribution of granules for powder pressing. These granules have less inter-particle friction 

with a good flow behavior. The slurry for spray-drying consists of various additives like a 
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solvent, binder, plasticizers, and lubricants. Each additive provides specific functions, as 

mentioned above, to the feedstock powders. 

In powder pressing, the binders provide high green density, and high green strength for 

avoiding the defect during spring back, handling, storage, and machining (J. S. Reed., 1995; 

A. Kumar et al.,2014). Additionally, the binders determine the properties of the granules such 

as bulk density, flow rate, and compaction behavior (R.Taktak et al.,2011; S.Begum et al.,1998) 

and the microstructure and mechanical properties of the ceramics (R.Taktak et al.,2011). The 

glass transition temperature of the binder is an important parameter that decides the mode of 

fracture and strength of the granules, green density, and green strength (M.Potoczek et al., 

2003; S.Baklouti et al.,1997; X.K. Wu et al., 1997).  

Polyvinyl alcohol (S. Baklouti et al., 2001), polyethylene glycol (X.K.Wu et al., 1997; 

R.Taktak et al.,2011), and polyacrylic acid (M.Imran Zainuddin et al.,2008) are the most 

studied water-soluble binders in powder pressing.  Binder migration along with the moisture 

flow during the spray drying and its segregation at the outer surface of the granule is a problem 

with some of the water-soluble binders such as PVA (S.J.Lukasiewicz et al.,1989; S. Baklouti 

et al., 1998). S.Tanaka et al. studied the migration of  PVA in comparison with polyacrylic acid 

(PAA) through the analysis of binder distribution in the spray-dried alumina granules, their 

compaction behavior, and the flexural strength of green bodies (S.Tanaka et al., 2006). The 

migration is low in the case of the PAA binder compared to the PVA binder due to strong 

Coulombic attraction between the carboxylic acid group of the PAA and alumina particles 

which is evidenced by liquid immersion photomicrographs of spray-dried granules using PVA 

and PAA binders shown in Fig.1.13. In the case of PAA, the binder is homogeneously 

distributed in the granules, and for PVA, a brittle layer is formed on the granule surface due to 

binder migration that resists fracture and deformation. The powder granule with PVA binder 

deforms at a stress of 0.45 MPa whereas the deformation of the granule containing PAA is at 
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a low stress of 0.1 MPa. The binder migration adversely affects the flexural strength of the 

ceramics. A flexural strength of  580 and 485 MPa, is reported using PAA and PVA binder, 

respectively. 

 

Fig.1.13  The liquid immersion photomicrograph of granules prepared using a). polyacrylic 

acid binder and b). polyvinyl alcohol binder (S. Tanaka et al., 2006). 

The effect of the glass transition temperature of binders (PVA: 79℃ and PEG: -60 ℃) 

on the fracture behavior of spray-dried granules and mechanical strength of green and sintered 

ceramics have been  studied (S. Baklouti et al., 1997; R.Taktak et al., 2011). The green strength 

of alumina compacts prepared with the same amount of PEG and PVA binder are 0.3 and 0.6 

MPa, respectively. Further, the fracture mode of granules changes from intragranular to 

intergranular as evidenced by the micrographs shown in Fig.1.14. when the glass transition 

temperature of the binder increases. 

 

Fig.1.14 The mode of fracture of granules with (a) polyethylene glycol binder, and (b) 

polyvinyl alcohol binder (S. Baklouti et al., 1997).  
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R.Taktak et al studied the effect of PVA and PEG binders on the flowability and mechanical 

strength of ceramics using alumina powder (R.Taktak et al., 2011). The powder granulated by 

spray drying achieves good flow properties at 1 to 3 wt.% PVA and 3 wt.% PEG binder. 

Further, sintered alumina obtained using PVA binder shows comparatively lower strength due 

to the high Tg value of PVA, brittle outer granule surface, intergranular microcracks, and 

densification of the ceramic with the granules. 

D.B. Rohini et al synthesized acrylic emulsions binders with various co-monomers such 

as styrene (S), methylmethacrylate (MMA), methacrylate (MA), 2-ethylhexyl acrylate (EHA), 

and methacrylic acid (MAA) in different ratio and used them as a binder in the powder pressing 

of lanthanum chromite and strontium chromite (D. B. Rohini Kumar et al., 2000). Here, these 

acrylic emulsion binders are ready to use colloidal emulsions of particle size in the range of 

0.05-0.5 µm. The concentration of acrylic emulsion binder studied varies from 2 to 5 wt.%. 

The viscosity of these emulsions and Tg of the polymers are in the ranges of 75-100 mPa.s and 

-23 to 103 ℃, respectively. Further, their Tg could be tailored by the appropriate selection of 

monomer combinations which results in changes in the strength, density, and plasticity of the 

green bodies. Comparatively, the co-polymer from MA: MMA (30:70 wt.%) and EHA: MMA 

(60:40 wt.%) shows superior green density, and the co-polymer from MA: MMA (30:70 wt.%) 

and EHA: MMA: MAA (55:43:2 wt.%) shows superior green strength. Further, X. Kevin Wu 

et al studied the green density, green strength, viscosity, ash residues, and moisture sensitivity 

of four binders: PVA, PEG, Acrylic emulsions: Duramax B-1007 and Duramax B-1020 (X. 

Kevin Wu et al., 1997) using alumina as a ceramic powder. Table 1.1 shows some of the 

important results of X.K.Wu et al. 
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Table 1.1 Comparison of the slurry viscosity, green density and strength, and ash contents of 

four binders used for powder pressing of alumina (X.K. Wu et al., 1997). 

Binder 

(1-5 wt.%) 

Slurry 

viscosity, 

mPa.s 

Green density, 

% T.D 

Green strength, 

MPa 

Ash residues in 

air, % 

PVA ˃ 2200 46 – 52 0.4 – 0.9 0.4 

PEG ⁓ 200 50 – 53.5 0.3 – 0.4 0.4 

Duramax B-1007 ⁓ 200 49 – 53 0.37 – 0.9 0.2 

Duramax B-1020 ⁓ 200 51 – 55 0.42 – 1.15 0.4 

 

M. Szafran et al prepared water-thinnable acrylic emulsion binders using different 

compositions of monomers such as butyl acrylate, styrene, acrylic acid, and a built-in 

amphiphilic macromonomer which act as a surface active agent and internal plasticizer for 

powder pressing of alumina (M. Szafran et al., 2001). The molecular weight of the binder is in 

the range of 400000 to 600000 g/mol and the glass transition temperature varies from 1.8 to -

13.2℃.  Here, the highest thickening is achieved for a binder containing a high amount of 

amphiphilic macromonomer. A high green density, high Weibull modulus, and less porosity 

are obtained for the ceramics prepared using these acrylic emulsion binders compared to that 

prepared using PVA and methylcellulose binders. In another work, M.Szafran et al. synthesized 

water-thinnable acrylic emulsion binders such as poly(acrylic-styrene), poly(vinyl-allyl), 

poly(acrylic-allyl), and poly(vinyl-acetate-co-allyl ether) with non-ionic hydrophilic long 

poly(oxyethylene) side chains. They compared the density and mechanical strength of the green 

bodies with that of green bodies obtained using a PVA binder. Here, the Tg of the prepared 

acrylic emulsions binders is in the range of 1.8 to –59.2℃ (M.Szafran et al., 2004). Further, 

they concluded that due to the low Tg and hydrophilic-hydrophobic balance of the co-
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polymers, a high green density, and strength are achieved compared to the PVA binder. S. 

Begum et al studied the slurry viscosity, powder flow characteristics, and green properties of 

zinc oxide varistor powder using acrylic latex binders named Ltx A to Ltx E and compared the 

results with a PVA binder (S. Begum et al., 1998). The binder concentration studied is in the 

range of 1 to 1.60 wt.%. These acrylic emulsion binders provide superior granule flow 

properties compared to the PVA binder. The green strength obtained with latex binder is 1.5 

MPa against <0.8 MPa for PVA binder due to the strong interaction between the latex binder 

with alumina powder. M.R. Ben Romdhane et al synthesized a co-polymer from acrylic acid 

and vinyl acetate with the molecular structure shown in Fig.1.15, which functions as a binder 

and dispersing agent for alumina (M.R. Ben Romdhane et al., 2007). In that co-polymer, the 

carboxylic acid groups present are responsible for strong adsorption on the alumina particle 

surface and provide electrostatic stabilization and the -OH groups provide higher mechanical 

strength. They achieved a green density and green strength of 59.04 % T.D and 4.2 MPa, 

respectively, at an optimum binder concentration of 1.5 wt.% and a compaction pressure of 

120 MPa. With the same concentration, the PVA binder provides a green density of 57.03 % 

T.D and a green strength of 1.8 MPa. 

 

Fig.1.15 Molecular structure of co-polymer (M.R. Ben Romdhane et al., 2007). 

Ajay Kumar et al studied sucrose as an eco-friendly binder in the powder pressing of 

alumina (A. Kumar et al.,2014). They studied the effect of green density, green strength, 

microstructure, and machinability as a function of sucrose concentration. The studied sucrose 

concentration is in the range of 0.6 - 10.8 wt.%. Further, they achieved the density and flexural 

strength of the green bodies in the range of  45-63 % T.D and 0.6-12.5 MPa, respectively, at 
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sucrose concentrations in the range of 0.6 to 10.8 wt.%. They studied the machinability of the 

green body by drilling using conventional machines and tools. The green bodies could 

withstand the stresses during drilling at sucrose concentrations greater than 3.6 wt.%. The 

reason for the high density and strength of green bodies is the inter-molecular hydrogen 

bonding of sucrose and water molecules with the alumina surface. Recently, V.P. Jyoti et al 

used a combination of aloe vera gel and sucrose as a binder in the dry pressing of alumina (V. 

P. Jyoti et al., 2022) and achieved a green density and flexural strength of  64 % T.D and 13.5 

MPa, respectively. The high strength is due to better particle packing achieved by plasticizing 

properties of aloe vera gel and sucrose coated on the alumina particle surface.   

1.3.2 Colloidal processing 

The particle agglomerates present in the dry-pressed components produce residual porosity 

during sintering which limits the strength and reliability of ceramic materials. In colloidal 

processing, the powder particles are well separated in a liquid medium and the particles 

dispersed in the medium are subsequently consolidated to produce green ceramics of uniform 

microstructure (without much particle agglomerates). Therefore, the strength-limiting flaws 

will be minimum in ceramic components obtained by sintering the green bodies produced by 

colloidal processing. The steps involved in colloidal processing are (i) dispersion of ceramic 

powder in a solvent medium (ii) consolidation of the dispersed particle to produce desired 

shape (iii) drying (iv) binder removal and (v) sintering.  The fundamentals of powder dispersion 

in a liquid medium are discussed in the following section.  

1.3.2.1 Ceramic powder dispersion 

Improved reliability of ceramic components is the benefit of the colloidal processing route 

compared to powder pressing (C.Tallon et al.,2011; G.V.Franks et al.,2017; R. J. Pugh et 

al.,2017). In colloidal processing, the heterogeneities in the powders are eliminated by 

sedimentation/filtration and inducing surface forces between the particles (F. F. Lange.,1989). 
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Colloids are particles of the size in the range of 1 nm – 1 µm dispersed in a liquid medium. 

Due to the large surface area, the surface interactions between the particles and the interaction 

of particles with the medium are important. Ceramic powder particles in a liquid medium attract 

each other due to the Van der Waals forces leading to agglomeration. The Van der Waals forces 

have components from Keesom (permanent dipole-permanent dipole), Debye (permanent 

dipole-induced dipole), and London (induced-induced dipole) dispersion forces. These 

agglomerated particles settle due to gravity resulting in an unstable dispersion. The way to 

achieve a stable colloidal dispersion is to overcome the Van der Waals attraction between the 

particles by providing repulsive interactions which are greater than the Van der Waals attractive 

forces. The repulsive interaction between particles is achieved through electrostatic, steric, and 

electrosteric mechanisms.  

The electrostatic mechanism of powder dispersion mainly operates in a polar medium 

like water. In the electrostatic mechanism, identical charges are created on particle surfaces 

leading to strong electrostatic repulsion which overcomes the weak van der Walls attractive 

forces. The surface charge on particles suspended in a medium is created by various methods. 

In the case of a clay-based colloidal system, surface charge transfer phenomena such as 

adsorption of ions and surfactants, anion and cation-exchange reactions, and intercalation of 

organic molecules create the surface charge and controlling its stability (G. Lagaly et al., 2013). 

The surface chemical reactions or surface forces on a colloidal particle in a medium can be 

altered by varying the pH, and the addition of ions, surfactants, and other molecules. That is, 

by varying the chemical environment of the particles, stable colloidal suspensions and weakly 

flocculated or coagulated ceramic systems can be prepared. The pH adjustment of the 

dispersion medium is one of the commonly used methods for the preparation of powder 

dispersions. The pH adjustment away from the isoelectric point (I.E.P) of the powder creates 

either a positive or negative charge by protonation or deprotonation of surface functional 



27 
 

groups. For example, in the case of oxide ceramic powders protonation of surface hydroxyl 

groups at pH below the isoelectric point creates a positive surface charge and deprotonation at 

pH above the isoelectric point produces a negative surface charge as shown in Fig.1.16.  

 

Fig.1.16 Oxide ceramic powder surface charging by changing the pH of the medium.  

Another mechanism of powder dispersion in an aqueous medium is the electrosteric 

using polyelectrolytes as dispersing agents. The polyelectrolytes adsorb on the surface of the 

particles and create a monolayer coverage at its optimum concentration. The ionization of the 

functional groups present in the adsorbed polyelectrolyte provides an identical charge on the 

particle surface resulting in electrostatic repulsion. The adsorbed polymer layer on the particle 

surface provides additional stability by osmotic and entropy contribution called steric 

stabilization.  A schematic of the electrosteric stabilization of ceramic particles in an aqueous 

medium is shown in Fig.1.17. 

 

Fig.1.17 Schematic of electrosteric stabilization of ceramic particles in an aqueous medium. 

The stability of a colloidal particle in an aqueous medium is explained by the electrical 

double layer (EDL) theory. The suspended charged particles attract the oppositely charged 

counter-ions in the medium towards its surface and create an immobile adsorbed layer called 
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the Stern layer. A cloud of co-ions and counter-ions forms a diffuse layer. That is, the EDL 

consists of a Stern layer and a diffuse layer. The potential of the particle decreases with distance 

from the surface. The distance from the surface at which the potential becomes o/2.718 (where 

o is the surface potential) is called the thickness of the EDL which depends on the ionic 

strength of the medium as shown in equation (3). 

1
қൗ = √൬

𝜀௥𝜀௢𝑘𝑇
𝐹ଶ⅀𝑁௜𝑧௜

ଶ൘ ൰   (3) 

Whereisthe electrical double-layer thickness, εr is the dielectric constant of the 

medium, 𝜀௢ is the permittivity of vacuum, 𝑁௜ is the number of ions, zi is the valence of the 

counter-ions, F is the Faraday constant, k is the Boltzmann constant and T is the absolute 

temperature.  

The EDL repulsion is affected by zeta potential (the potential at the shear plane) and 

the Debye-Huckel screening length (the thickness of the EDL). Higher surface potential and 

lower ionic concentration enhance electrostatic stabilization.An increase in ionic concentration 

compresses the EDL such that the powder dispersion destabilizes upon the addition of excess 

electrolyte.  When a potential difference is applied, the colloidal particle with the Stern layer 

moves toward one electrode and the colloidal medium with the ionic atmosphere moves in the 

opposite direction. Potential at the slippage plane is called zeta potential which is a measure of 

surface charge on the particle and stability of the powder dispersion. A zeta potential value of 

more than 25 mV provides stability to fine particles suspended in an aqueous medium. A 

schematic representation of an EDL around a colloidal particle suspended in a medium is 

shown in Fig.1.18.  
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Fig.1.18 Schematic representation of an electrical double layer around a colloidal particle 

suspended in a medium (S.J.Park et al., 2011). 

In the case of powder dispersion in non-aqueous solvents, the main mechanism is steric 

stabilization. Here, the Van der Waals attraction between the ceramic particles is hindered by 

the adsorbed polymer molecules.In this, polymeric molecules with hydrophilic and hydrophobic 

segments are used as dispersing agents. The polymeric dispersing agents adsorb on the particle 

surface and form a monolayer coverage at an optimum dispersant concentration. When particles 

with adsorbed polymer layers approach each other, the concentration of polymer in the inter-

particle region increases which increases the osmotic pressure and decreases the configurational 

entropy. Now the solvent flows between the particles and separates them apart and thereby 

preventing agglomeration. A schematic of steric stabilization is shown in Fig.1.19. Simple 

molecules such as fish oil, vegetable oils, phosphate esters, long-chain alcohols, acids, and 

amines offer stability to particles dispersed in a non-aqueous medium (U.Paik et al.,1998; P.M. 

Raj et al.,2001). They do not have enough chain length to offer full steric stabilization and are 

therefore called semisteric stabilizers.  

 

Fig.1.19 Schematic showing the steric stabilization. 
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The adsorbed polymer layer thickness, its density, polymer-ceramic bonding, conformation of 

the polymers, solvent quality, and molar volume of the solvent are the important parameters 

affecting steric stabilization. The different types of polymers provide different conformations 

on the particle surface (J.A.Lewis., 2000) as shown in Fig.1.20. 

 

Fig.1.20 The different conformations of polymers adsorbed on the particle surface (a). 

homopolymer, (b). diblock co-polymers, (c). comb-like copolymers, (d). short chain 

dispersant. (J.A. Lewis., 2000). 

The stability of a powder suspension in a medium is explained by the Derjaguin-

Landau-Verwey-Overbeek theory (DLVO) (R. Hogg et al.,1966). According to DLVO theory, 

the total potential between the suspended particle in a medium is the sum of attractive potential 

originating from the Van der Waals forces and repulsive potential originating from the 

electrostatic, steric, or electrosteric mechanisms.   

VT = VA+ VR 

Where VT is the total potential, VA is the attractive potential and VR is the repulsive 

potential. The attractive potential depends on the dielectrics of the particle and dispersion 

medium. On the other hand, the repulsive potential depends on the size and shape of particles, 

the distance between the particle, the electrical double-layer thickness, surface charge density, 
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and the dielectric constant of the medium.  For two spherical particles of diameter ‘a’ the 

potential energy of repulsion UR, is obtained by the equation (4). 

      

    (4) 

 

Where ψo is the surface potential, h is the distance between the surfaces and isthe 

electrical double layer thickness. The attractive, repulsive, and total potential of interaction 

between colloidal particles as a function of interparticle distance is shown in Fig.1.21. The 

repulsive potential increases and the attractive potential decreases with a decrease in 

interparticle distance. On the other hand, the total potential increases with a decrease in 

interparticle distance to reach a maximum and then decreases to a primary minimum. The 

primary minimum occurs when the particle separation is of the order of molecular dimension. 

The maximum potential is called the energy barrier which prevents the particle from falling 

into the primary minimum (agglomeration). In the case of large flat particles, a shallow 

secondary minimum is also observed at an interparticle distance approaching the particle 

dimension.  An increase in electrolyte concentration and a decrease in zeta potential decreases 

the height of the potential barrier so that the particle falls into the deep primary minimum 

leading to permanent coagulation. On the other hand, the secondary minimum being very 

shallow, particles in the secondary minimum can easily go to the dispersed state by gentle 

mechanical agitation.  
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Fig.1.21 The changes in the interaction potential with interparticle distance (E.Piacenza et al., 

2018). 

Among the various dispersion mechanisms, the electrosteric is considered the most 

efficient one. L. Palmqvist et al studied the stabilizing mechanism of three dispersing agents 

viz., polyacrylates, lignosulfonates, and a comb copolymer through zeta potential, adsorption, 

and atomic force measurements (L.Palmqvist et al.,2006). For polyacrylates, high solid loading 

of up to 59 vol.% is achieved due to electrosteric stabilization. Instead, in the case of 

lignosulfonates, the stabilization is mainly through electrostatic and slurries up to 57 vol.% 

solid loadings can be prepared. In the case of a comb-like copolymer, the stabilization 

mechanism is steric and slurries of only medium solid loading can be prepared efficiently.  

1.3.2.2 Rheological characteristics of colloidal dispersions 

Rheology is the study of the deformation behavior of fluids under shear forces. The interaction 

between the polymers and particles dispersed in a fluid can be quantitatively analyzed using 

rheology. Rheological measurements yield the apparent viscosity, yield stress, and viscoelastic 

properties like storage modulus, loss modulus, and tan δ. The colloidal processing of ceramics 

generally requires well-dispersed slurries of low viscosity and high solids loading. The ceramic 

slurry rheology mainly depends on inter-particle forces and the concentration of the ceramic 

particles (F.F. Lange.,1989). Based on the deformation under shear stress, the fluids can be 
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classified as Newtonian and non-Newtonian. Well-dispersed ceramic powder suspensions at 

lower solids concentration (< 30 vol. %) exhibit Newtonian flow behavior (J.A. Lewis et al., 

2000). For Newtonian fluids, the viscosity remains constant irrespective of the shear rate. If 

the viscosity decreases with an increase in shear rate, the flow behavior is known as shear-

thinning. The shear-thinning flow behavior with some yield stress value is called pseudo-

plastic. Well-dispersed suspensions of solids loading> 30 vol.% generally show the 

pseudoplastic flow behavior. The pseudoplastic behavior is due to the breakdown of temporary 

flocs formed in concentrated suspensions at higher shear forces. The powder suspensions used 

in the majority of the ceramic forming processes exhibit pseudoplastic flow behavior. If the 

viscosity of a suspension increases with an increase in shear rate, the flow behavior is shear-

thickening or dilatant. The well-dispersed suspensions at the maximum limit of solids loading 

exhibit dilatant flow behavior. Bingham fluids have the Newtonian flow characterized by some 

yield stress value. The thixotropic and rheopectic flow behavior is time-dependent. Thixotropy 

means the decrease in viscosity with time with shear rate. The opposite behavior is known as 

rheopectic. Fig.1.22 depicts the different flow behavior of colloidal dispersions. Plastic flow 

behavior is needed for plastic forming techniques such as Injection molding and extrusion. The 

presence of flocculated particles in a slurry can be detected by rheological measurements. 

Generally, the presence of particle agglomerates tends to increase the viscosity, shear thinning 

behavior, and yield stress of powder suspensions. The flow models presented in Table 1.2 are 

used to explain the rheological behavior of powder dispersions.  

The slip casting and tape casting processes require slurries of sufficient yield stress for 

the consolidated slurry layer on the mold surface to maintain its shape while draining the excess 

slurry and the cast tape to maintain the thickness uniformity, respectively (M. N. Rahaman., 

2017). On the other hand, processes such as gel casting and direct coagulation casting demand 

slurries of low viscosity and yield stress to flow into the intricate parts of the mold. M.Jabbari 
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et al made a flow analysis and explained various rheological behavior of slurries for tape 

casting and found that the rheology strongly affects the final properties and quality of the 

product (M.Jabbari et al. 2016). B.Bitterlich et al characterized aqueous yttria-stabilized 

zirconia tape casting slurries using acrylic emulsion binders by static and dynamic 

measurements. The slurries exhibited pseudoplastic behavior and distinctive elastic properties 

below critical shear stress. Further, they demonstrated that the viscosity and its time-dependent 

behavior which in turn give the internal bonding between the particles and binder are excellent 

tools for the characterization of the tape casting slurry (B. Bitterlich et al., 2002). A.Mukherjee 

et al investigated a correlation between slurry rheology and density of green and sintered yttria-

stabilized zirconia tapes using two different dispersants namely, menhaden fish oil and 

phosphate ester, and established a remarkable effect of slurry rheology on green and sintered 

densities (A.Mukherjee et al., 2001). 

 

 

Fig.1.22 Different flow behaviors of ceramic powder dispersions  
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Table 1.2 Different flow models of the ceramic powder dispersions 

Flow model Formula Parameters 

Power-law 𝜏 = 𝐾𝛾௡  

τ: Shear stress 

γ: Shear rate 

𝜏௢: Yield stress 

K: consistency index 

n: exponent 

Bingham model 𝜏 =  𝜏௢ + 𝐾𝛾 

Herschel-Bulkley model 𝜏 =  𝜏௢ + 𝐾𝛾௡ 

Casson model √𝜏 = ඥ𝜏௢ + ඥ𝐾𝛾 

 

1.3.2.3 Colloidal shape-forming processes  

The well-dispersed ceramic powder suspensions in the aqueous or nonaqueous medium are 

consolidated into green bodies of near-net-shape with uniform microstructure by various 

forming processes. The details of different colloidal shape-forming processes are presented in 

the following sections. 

1.3.2.3.1 Slip casting 

Slip casting is originally developed for the consolidation of aqueous clay suspensions to 

produce green bodies of both simple and complex shapes. Later the process is adopted for the 

production of advanced ceramic components. The process uses a porous mold made of plaster 

of Paris. In slip casting, the ceramic powder suspension in a solvent medium (preferably water) 

cast into a mold is consolidated by draining the solvent through the pores in the mold. The 

draining of the solvent through the pores in the mold is due to the capillary action and gravity. 

The removal of solvent through the porous mold forms a gelled slurry layer (cast layer) on the 

surface of the mold. The thickness of the gelled layer increases with time. There, are two 

versions of slip casting called (i) drain casting and (ii) solid casting. In drain casting, the excess 
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slurry in the mold is poured out when the slurry layer gelled on the surface of the mold achieves 

sufficient thickness. This produces hollow components like tubes, crucibles, etc.  On the other 

hand, in solid casting, the slurry is replenished until the gelled layer fills the mold cavity. Solid 

casting is used for the preparation of non-hollow components. A schematic of the slip-casting 

of ceramics is shown in Fig.1.23. The slurry with a shear-thinning flow behavior and adequate 

yield stress is desirable for the slip casting as it resists the preferential settling of larger particles 

during the consolidation (K.S. Chou et al.,1989; J.H.D. Hampton et al.,1988).  Generally, the 

viscosity of the slurry should be less than 2000 mPas at a shear rate of 1-10 s-1 for effective 

pouring and mold filling (J. S Reed.,1995). 

 

Fig.1.23 Schematic of slip casting for the preparation of hollow ceramic shapes  

During the partial drying, shrinkage of the cast body detaches it from the mold surface 

and enables removal from the mold. This can be further dried, binder-removed, and sintered to 

get a ceramic body.  

The cast-layer thickness is obtained from equation (5), 

𝐿 = √ቀ
ଶ௃∆௉௧

ఎோ௖
ቁ  (5) 

Where J -  the volume of cast/ volume of the liquid removed 

 ∆𝑃 - apparent mold suction 

 Rc - resistivity to liquid transport in the mold 

 t - casting time 

 η - viscosity of the liquid transported 
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The rate of cast thickness formation depends on casting time, slurry solids loading, the 

viscosity of the medium, temperature, and the residual or already absorbed liquid in the mold. 

At the beginning of the casting, more free pores are available on the mold surface and the 

solvent absorption is maximum. As time passes, the pores are filled by the solvent which further 

reduces the flow. Moreover, the already formed cast layer on the mold surface increases 

resistance to the flow of liquid which reduces the casting rate mentioned as the Rc factor in the 

equation (5). Generally, the rate of cast thickness development increases with an increase in 

slurry solids loading, an increase in temperature, and a decrease in the viscosity of the medium.  

The rate of cast thickness formation decreases when the same mold is used for many casting 

as the residual water in the pores of the mold decreases its water absorption capacity. One of 

the major problems with slip casting using plaster of Paris mold is the low production rate. The 

updated versions of the slip casting process are pressure casting, vacuum casting, and 

centrifugal casting where the rate of cast thickness formation can be enhanced by the 

application of pressure, vacuum, or centrifugal force, respectively. This is achieved by keeping 

the high-pressure difference (∆P) between the slurry contact area and the outside of the mold. 

In the case of clay-based systems, the faster cast layer thickness formation is facilitated through 

inter-particle coagulation (J.S. Reed.,1995; W. Brodie.,2009). 

A suitable binder that is soluble in the solvent medium is used in slip casting. The binder 

provides yield strength to the cast layers. Otherwise, during draining the excess slurry, the cast 

layer collapses and flows back which reduces the thickness of the slip cast body. The strength 

of the cast layer is based on the particle packing, the interparticle interactions, and the bonding 

induced by the binder (S.M.Olhero et al.,2002; Q.Xu et al.,2014; A.Gubernat et al.,2015). 

Normally the cast layer thickness produced at a fixed casting time decreases with the addition 

of a binder. For example, the casting rate of 2.4 mm/min for alumina using a pressure of 140 

kPa is reduced to 0.3 mm/min with the addition of 0.5 wt. % of polyvinyl alcohol binder (J.S 
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Reed., 1995). This reduction in thickness is due to the gelation of the binder at the mold-slip 

interface. Further, the formed gelled layer resists the flow of the solvent. This reduces the 

permeability of the cast and the rate of cast thickness formation. In non-clay ceramics, the 

gelation of binder provides yield strength to the cast layer on the mold surface and increases 

the strength of the green body for handling, machining, and heat treatment (N. Dermirkol et 

al., 2007; A.Gubernat et al., 2015; K.M. Lindqvist et al., 2005; J.S.Reed,1995). Polyethylene 

glycol (K. A. Appiagyei et al.,2008; Q. Xu et al., 2013), polyvinyl alcohol (C.Promdej et al., 

2008; M. Barmala et al., 2009; K.Somton et al., 2019), sodium carboxymethyl cellulose (A.J. 

Ruys et al.,1996), carboxymethyl cellulose (S.I.Conceicao et al.,2003) and acrylic latex 

emulsions (K.M. Lindqvist et al., 2005; A.Gubernat et al., 2015) are the binders reported in 

slip-casting. Here, the acrylic latex emulsion is a colloidal dispersion-type binder and all others 

are water-soluble binders. A styrene-acrylic acid co-polymer emulsion is reported for the 

preparation of complex-shaped alumina by slip casting using molds made by solid freeform 

fabrication (K.M. Lindqvist et al., 2005). The cast layer thickness formed varies inversely with 

the binder concentration due to the filtration resistance caused by the gelled binder at the slurry-

mold interface. The green density decreases from 64 to 56.1 % of T.D and the green strength 

increases from 0.2 to 2 MPa when the binder concentration increases from 0 to 5 wt.%. 

A.Gubernat et al studied the acrylic emulsion binder, Duramax B-1000, for the production of 

dense SiC using Al2O3 and Y2O3 as sintering additives. With the addition of binder, only a 

minor increase in viscosity in the range of 120-320 mPa.s is noticed. A decrease in cast layer 

thickness with an increase in binder concentration is also observed due to the sealing of pores 

on the mold surface. The green ceramics produced using the acrylic emulsion binder exhibit 

sufficient strength to enable machining. Final sintering at 2050 ℃ resulted in 98 % T.D and 

single-phase SiC polycrystals. A photograph of green SiC crucibles made by slip-casting using 

acrylic latex emulsion binder before and after finishing by machining is shown in Fig.1.24. 
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Fig.1.24 Green SiC crucibles prepared using acrylic emulsion binders (a). before, (b). after 

machining (A. Gubernat et al., 2015). 

N. Dermirkol et al studied acrylic emulsion binder, Duramax B-1007, for the processing of 

low-clay translucent whiteware (N. Dermirkol et al., 2007). Here, the green strength increases 

from 1 to 4 MPa when the binder concentration increases from 0 to 6 wt.%. The high green 

strength obtained is due to the strong bonding between the ceramic particles and the binder 

through a carboxylic acid group of the binder and hydrogen bonding interaction between the 

binder molecules. S.I.Conceicao et al used carboxymethyl cellulose (CMC) binder in the slip 

casting of kaolin suspensions and studied its rheological characteristics and green density. With 

the addition of 0.2 wt.% of CMC binder, a high green density of 63 % T.D is achieved. In the 

case of water-soluble binders such as Na-CMC, even the addition of a small amount increases 

the slurry viscosity due to the long polymer chains (K.M. Lindqvist et al., 2005). As an 

example, a 2 wt.% aqueous solution of Na-CMC has a significantly high viscosity of 75 Pa.s 

at 25 ℃ (C.Falamaki et al., 2009). Another problem related to water-soluble binders in slip 

casting is the migration of binders and their segregation during the fluid flow (K.M. Lindqvist 

et al., 2005). H.Taguchi et al studied the effect of milling time on relative density and 

crystallographic phase change of partially stabilized ZrO2 using sodium salt of 

polycondensation product of β-naphthalene sulfonic acid and formaldehyde as a binder 

(H.Taguchi et al.,1985). The relative density increases with binder addition and milling time. 

W. Xu et al used eco-friendly lactose and tannin as a binder and source of carbon in the 



40 
 

preparation of carbon-alumina ceramic filter foams for molten metal filtration through the slip 

casting process (X. Wu et al., 2022). 

1.3.2.3.2 Tape casting 

The tape casting was developed by G.N.Howatt et al for the production of thin sheets of titania 

(TiO2) and alkaline titanates based ceramic dielectrics for capacitors (G.N. Howatt et al., 1947). 

Thereafter, tape casting has been utilized for the production of substrates materials, 

multilayered ceramic circuits/packages, electrolytes for solid oxide fuel cells, functionally 

graded ceramics, and textured ceramics (M.Jabbari et al. 2016; R.E. Mistler., 1995). In tape 

casting, the concentrated deflocculated ceramic powder slurry prepared in an aqueous or non-

aqueous solvent using  dispersant, binder, plasticizer, and an antifoaming agent is spread on a 

moving carrier film (Mylar sheet) using a double doctor blade (D.Hotza et al., 1995; P 

Wiecinska et al., 2015). Subsequent solvent removal by evaporation induced by hot air flow 

resulted in a green tape. The green tape removed from the substrate is rolled on a flywheel and 

stored. A schematic of tape casting is presented in Fig.1.25. On the other hand, batch tape 

casting uses a glass plate instead of the flexible mylar film as a substrate. The binder-removal 

and sintering of the green tape results in ceramic tape. The function of binder and plasticizer in 

tape casting is to provide sufficient strength and flexibility, respectively, to the green tape. The 

amount of binder and plasticizer is optimized to achieve adequate strength and flexibility of 

the green tape (S. L. Natividad et al., 2011; F. Doreau et al., 1999). The rheological behavior 

of the casting slurry plays a significant role in the tape casting process. The optimum viscosity 

of the slurry for tape casting is in the range of 1 to 1.5 Pa.s at a shear rate of 20 s-1 (C.Pagnoux 

et al.,1998). 
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Fig.1.25 The schematic of the tape casting. 

The continuous tape casting practiced in industries prefers organic solvents as aqueous 

tape casting systems require a long drying time and faces other drying-related issues such as 

formation of wrinkles and cracks on the surface. The advantages of organic solvents in 

continuous tape casting are their low boiling point, low heat of vaporization, and low viscosity. 

Trichloroethylene, ethyl alcohol, methyl ethyl ketone (MEK), and toluene are some of the 

organic solvents employed in non-aqueous tape casting. Azeotropic solvent mixtures such as 

MEK-ethanol and trichloroethylene-ethanol are also preferred. Polyvinyl butyral is the binder, 

phthalic esters, and polyethylene glycol are the plasticizers, and semi-steric stabilizers like fish 

oil and phosphate esters are the dispersing agents commonly used in industrial tape casting.  R. 

Mistler et al used triethylene glycol di-2-ethyl hexanoate as an environmentally friendly 

plasticizer for polyvinyl butyral binder for tape casting and compared the results with a 

commercial plasticizer, butyl benzyl phthalate (R. Mistler et al., 2007). The proposed 

plasticizer performed well in terms of Tg and properties of green and sintered tapes. K. 

Prabhakaran et al used cardanol, a C15 alkyl chain substituted phenol obtained from cashew nut 

shell liquid as a dispersant and plasticizer for polymethylmethacrylate (PMMA) binder in the 

non-aqueous (toluene) tape casting of alumina (K. Prabhakaran et al., 2001). 
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 High cost, flammability, and environmental pollution associated with the spent organic 

solvents instigated research activities on the development of eco-friendly water-based tape 

casting systems. Most commonly employed binders in aqueous tape casting are water-

dispersible type acrylic emulsions (C.Pagnoux et al.,1998; A.Kristoffersson et al., 1997; 

C.A.Gutierrez et al.,2001; F.Doreau et al., 1999) and water-soluble binders such as PVA (C. 

Zhou et al., 2016; S.Li et al., 2009; A.Kristoffersson et al., 1998) and cellulose ethers 

(A.Kristoffersson et al., 1997; D.Hotza et al., 1995; T.Chartier et al.,1993). Table 1.3 shows 

the comparative study made by A. Kristoffersson et al on three different aqueous binders in the 

tape casting of alumina (A.Kristoffersson et al., 1998). It has been reported that in the case of 

acrylic emulsion binders, tailorable Tg, high solid content, low viscosity, high green density, 

and lower drying shrinkage are achieved compared to PVA and hydroxypropyl methylcellulose 

(HPMC) binder-based tape casting formulations. F. Doreau et al studied the suitability of a 

combination of two acrylic emulsion binders, Duramax B-1035 and Duramax B-1050 in the 

aqueous tape casting of alumina (F. Doreau et al.,1998). The concentration of the binder 

combination used is up to 15 wt.%. By using the combination, they achieved, low viscosity 

slurries of shear thinning flow behavior, low foaming of the slurry, homogeneous tape, and 

higher critical cracking thickness. In addition, F. Doreau et al studied the mixture of acrylic 

emulsion binders of different Tg on the strength and flexibility of the green tapes (F. Doreau 

et al.,1999). Here, the green tape with a higher Tg value showed a brittle character while with 

a lower Tg, the green tape attained elastoplastic nature.  

 

 

 



43 
 

Table 1.3 Comparison of physicochemical properties of binders in aqueous tape casting 

(A.Kristoffersson et al., 1998). 

Binder Tg 
(℃) 

Solid 
conten
t, wt.% 

Viscosity 
(Pa.s) 

Green 
density 
(%T. D) 

Drying 
shrinkage 
(%) 

Sintered 
density (% 
T.D) 

Acrylic-
styrene latex, 
non-ionic 

-16 50 8.5  52.6 20.3 97.6 

Acrylic-
styrene latex, 
Anionic 

-6 55 0.100-
0.400  

54.1 20.5 93.0 

Acrylic-
styrene latex, 
Anionic 

-40 55 < 0.200 54.8 21.5 93.2 

4 % aq. 
Solution of 
PVA 

- 38.9 0.032 – 
0.038 

50.7 36.3 95.1 

2 % aq. 
Solution of 
HPMC 

- 19.4 4 50.8 74.7 96.0 

 

S.Li et al studied the PVA binder for the aqueous tape casting of microwave ceramic 

component, Li1+x-y Nb1-x-3yTix+4yO3, and characterized the effect of ceramic powder loading on 

green density, porosity, green strength, and sintered density of the tape (S.Li et al.,2012). T. 

Chartier et al studied the aqueous tape casting of alumina using hydroxypropyl methylcellulose 

binder (T.Chartier et al.,1993). The effect of the binder and plasticizer content on the green 

density, green strength, and strain at failure is established. Q. Shang et al proposed a new gel-

tape casting process for the preparation of aluminum nitride ceramic sheets using an effective 

and environmentally friendly additive PIBM (a water-soluble copolymer of isobutylene and 

maleic anhydride). Herein, the PIBM acts as both a dispersant and gelling agent and PEG acts 

as a plasticizer (Q.Shang et al., 2017). The green tapes produced from slurry with a solids 

loading of 40 vol.% and binder content of 3 wt.% are smooth, uniform, and without cracks. 
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The average grain size and thermal conductivity of the sintered tape obtained are 7 μm and 161 

W/(m∙K), respectively. S. Nayak et al introduced biopolymer, gelatin as a binder in the aqueous 

tape casting of yttria-stabilized zirconia using glycerol as a plasticizer. They studied the flow 

behavior and gelling characteristics of the slurries and the strength and flexibility of the green 

tape. The flexible green tapes produced by the aqueous system sintered to 99 % of T.D (S. 

Nayak et al., 2011). J Marie et al studied the bio-based binders such as citrus pectin, 

microcrystalline cellulose, and psyllium along with ammonium lignosulfonate dispersant and 

glycerol as a plasticizer for the aqueous tape casting of alumina (J.Marie et al.,2017, 2021). 

The slurries using citrus pectin binder show shear thinning behavior. On the other hand, slurries 

prepared using psyllium and microcrystalline cellulose show anti-thixotropy and thixotropy, 

respectively. The green tapes of strength parallel and perpendicular to the casting directions 

were in the range of 0.34 to 0.44 MPa and 0.09 to 0.74 MPa, respectively, that were sintered 

to a density in the range of 90 to 94% TD. The molecular structure of PIBM is shown in 

Fig.1.26.  

 

Fig.1.26 Molecular structure of PIBM 

1.3.2.3.3 Gel casting 

Gel casting is a ceramic shape-forming process developed in 1980 at Oak Ridge National 

Laboratory, USA (A. C. Young et al., 1991; O.O.Omatete et al.,1997). In this, a highly 

concentrated (>50 vol.%) ceramic powder suspension of low viscosity (<1 Pa.s) prepared in a 

solution of organic monomer and a crosslinking agent is cast in a mold. The in situ 

polymerization of the monomer and crosslinking agent initiated by an initiator and a catalyst 
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set the slurry into a strong gel. The gelled body removed from the mold is dried under the 

humidity-controlled condition to produce the green ceramics. Binder removal followed by 

sintering of the green body produces the ceramic component. The gelcasting is schematically 

represented in Fig.1.27. Gel casting has the benefits of strong and machinable green bodies at 

low binder content, homogenous binder distribution, complex-shape capability, high green 

density, moderate production rate, and improved reliability (A. C. Young et al., 1991; J. Yang 

et al.,2011). A photograph of near-net-shape ceramic components produced by gelcasting is 

shown in Fig.1.28. Gelcasting uses both aqueous and non-aqueous solvents. The non-aqueous 

version originally developed with acrylate monomers is replaced by the aqueous version due 

to the high cost and environmental hazards associated with the spent organic solvents 

(M.A.Janney et al.,1998). The initially developed aqueous version also faces industrial 

hesitation due to the neurotoxicity of the acrylamide monomer (O.O.Omatete et al.,1997; 

J.Yang et al., 2011). A large number of low toxic monomer-crosslinker systems has been 

reported for the aqueous gelcasting of ceramics (M.Potoczek et al.,2004; M.Kokabi et al.,2006; 

C.Tallon et al.,2007; C. Zhang et al.,2012). The low-toxic monomer systems studied for 

gelcasting of ceramics are given in Table 1.4.  

 

Fig.1.27 Schematic of gel casting  
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Fig.1.28 Complex near-net-shape ceramics fabricated by gelcasting (M.A.Janney et al.,1998). 

Table 1.4 The low toxic monomers and cross-linkers used in gel casting.  

Monomer Cross-linkers References 

Methacrylamide 

Poly (ethylene glycol) methyl ether 

methacrylate 

1-vinyl-2-pyrrolidone 

Acrylic acid 

Dimethyl aminoethyl methacrylate 

Hydroxyethyl acrylate 

Hydroxyethyl methacrylate 

Hydroxypropyl acrylate 

Hydroxypropyl methacrylate 

Methoxy poly(ethylene glycol) 

mono methacrylate 

Methacrylatoethyl trimethyl ammonium 

chloride 

Methacrylamidopropyle trimethyl 

ammonium chloride 

Methacrylic acid 

p-Styrene sulfonic acid (sodium salt) 

Glycerol monoacrylate 

Dimethyl acrylamide 

Copolymer of isobutylene and maleic 

anhydride 

3-O-acrylic-D-glucose 

N,N′-

methylenebisacrylamide 

poly(ethylene glycol) 

dimethacrylate 

Diallyl tartardiamide 

Poly (ethylene glycol) 

diacrylate 

Poly (ethylene glycol) 

dimethacrylate 

Trialyl amine 

Tetraethylenepentamine 

M. Potoczek et 

al., 2014; M. 

Kokabi et al., 

2006 ; M. A. 

Janney et al., 

1998; C. Tallon 

et al., 2007; C. 

Zhang et al., 

2012; Q.Wu et 

al., 2023; P. 

Bednarek et al., 

2010 
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In addition to the in situ polymerization of a monomer-crosslinking agent, thermally 

induced gelation of proteins and polysaccharides and crosslinking of polymers in solution by 

the suitable cross-linking agent are studied for aqueous gel casting of ceramics (S.Leo et al., 

2014). Sodium alginate (Y. Jia et al., 2002), gelatin (Y.Chen et al., 1999), agarose (E. 

Adolfsson.,2006), carrageenan (A.J.Millan et al., 2002), gellan gum (Y. Zhang et al., 2014), 

egg-white protein (X. He et al., 2011), curdlan (J. Xu et al., 2015) are some of the 

polysaccharide and protein-based natural gelling agents studied for the gel casting of ceramics. 

In these, aqueous ceramic powder suspensions containing a gelling agent prepared at higher 

temperatures (80 to 90℃) undergo gelation by cooling in a mold. Here the gelation of the slurry 

is due to the secondary interactions between the molecules of the gelling agent. The major 

drawback of this process is the relatively low ceramic powder loading achieved in the 

suspension due to the higher viscosity of the polymeric gelling agent solutions compared to the 

monomer solutions.  The molecular structure of naturally renewable gelling agents used for 

gelcasting is shown in Fig.1.29.  

 

Sodium Alginate 

 

Gellan gum 
 

 

Agarose 

 

Carrageenan 
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Gelatin 

Fig.1.29 Molecular structures of the naturally renewable gelling agents. 

The cross-linking of polyvinyl alcohol induced by 2,5- dimethoxy-2,5-dihydrofuran 

(DHF) (F. Chabert et al., 2008) and organotitanate coupling agent (S.L.Morissette et al., 1999) 

which results in the formation of gels are studied for the gel casting of ceramics. The cross-

linking of chitosan, a biopolymer with glutaraldehyde (M. Bengisu et al., 2002) and DHF (S.B.   

Johnson et al., 2002) is also utilized for gel casting of alumina. The cross-linked structures of 

PVA induced by DHF and organotitanate and chitosan induced by glutaraldehyde and DHF 

are shown in Fig.1.30. 

 
 
 
 
 
 
 
 
 

(a) 

 
(b) 

 
 

(c) 

 
(d) 

Fig.1.30 Cross-linking of PVA by (a) DHF, (b) organotitanate coupling agent, and the cross-

linking of chitosan by (c) glutaraldehyde, (d) DHF. 
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1.3.2.3.4 Freeze casting 

Freeze casting is a process mainly for the preparation of porous ceramics from a powder 

suspension in a suitable liquid medium. In this, a ceramic powder suspension cast in a mold is 

set by freezing the dispersion medium. During solidification by freezing, the growing solvent 

crystals reject the ceramic particle in the inter-crystal space. The removal of the solvent crystals 

from the frozen slurry by sublimation followed by sintering creates porous ceramics. Here, the 

solvent crystals act as a template for the pores. That is, the space created by the removal of 

solvent crystals by sublimation remains as pores in the ceramic. A flow chart of the freeze-

casting process is shown in Fig.1.31 and a schematic showing the ice growth and formation of 

porous ceramics is presented in Fig.1.32. The process is simple and capable of producing near-

net-shape without any troublesome binder removal step (K. Araki et al., 2004; S. Deville., 

2008). Various solvents such as water, camphene, t-butyl alcohol, and naphthalene-camphor 

mixture are investigated for freeze casting of ceramics. Among them, aqueous freeze casting 

using water as a medium is eco-friendly and sustainable. In freeze casting, the porosity of the 

ceramics could be very well modulated by the slurry solids loading. On the other hand, various 

pore architecture and pore alignment could be achieved by incorporating additives and 

manipulating the direction of freezing, respectively.  
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Fig.1.31 Flowchart of freeze-casting process 

 

Fig.1.32 Schematic showing the formation of pores in freeze casting  

Various additives such as glycerol (S.W. Sofie et al., 2001; Y. Zhang et al., 2010), polyvinyl 

alcohol (K.H.Zuo et al., 2010; L.Ren et al., 2009; D. Zhang et al., 2012), polyethylene glycol 

Ceramic powder 
+Dispersant + Solvent 

Ball milling/Ultrasonic 
mixing 

Ceramic powder slurry 

Freezing of the slurry in 
a mold 

Mold removal 

Freezing drying 

Macroporous ceramics 



51 
 

(C. M. Pekor et al., 2008), gelatin  (M. Fukushima et al., 2014; Y. Zhang et al., 2009), ethanol 

& 1-propanol (Z.Jing et al., 2014) are incorporated into the ceramic powder suspensions for 

freeze casting that interact with the growing ice crystals and modify the final macroporous 

structure and influence the properties. Y. Zhang et al studied the effect of glycerol (10 wt.%) 

on the microstructure and strength of sintered porous alumina ceramics prepared by freeze 

casting. It is found that the addition of glycerol results in an improved connection between the 

lamellar channels. Moreover, an increase of axial and radial compressive strengths by 31.4 % 

and 154.9 %, respectively, is observed by the addition of glycerol (Y. Zhang et al., 2010). The 

effect of glycerol addition and powder loading on the microstructure of alumina ceramics 

prepared by freeze casting is shown in Fig.1.33.  

 

Fig.1.33 Microstructure of porous alumina ceramics prepared from (a) 20 vol.% slurry 

without glycerol, (b) 20 vol.% slurry with glycerol, (c) 30 vol.% slurry without glycerol, and 

(d) 30 vol.% slurry with glycerol. The direction of the cross-section is perpendicular to the 

ice front (Y. Zhang et al., 2010). 

The effect of PVA concentration on the lamellar microstructure formed by freeze casting is 

studied by L.Ren et al using TiO2 powder suspension (L.Ren et al., 2009). In his study, a change 
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of pore structure from dendritic to columnar type is observed when the concentration of PVA 

increases from 3 to 6 wt.%. The microstructure of freeze-cast TiO2 ceramics prepared at 3 wt.% 

and 6 wt.% PVA showing the dendritic and columnar pore structure is given in Fig.1.34.  K.H. 

Zuo et al studied the effect of PVA on the pore structure of hydroxyapatite ceramics prepared 

by freeze casting (K.H.Zuo et al., 2010). An increase in the interconnectivity of the pores in 

the hydroxyapatite ceramic is observed by the addition of PVA.  

 

Fig.1.34 SEM images of porous TiO2 with cross-section parallel and perpendicular to the ice 

growth direction. (a) 3 wt.% PVA, parallel; (b) 3 wt.% PVA, perpendicular; (c) 6 wt.% PVA, 

parallel; and (d) 6 wt. PVA, perpendicular. 

C.M.Pekor et al studied the effect of PEG concentration at two different freezing 

conditions, ethanol/dry ice, and liquid nitrogen, on the three distinct microstructural scales, 

which include the colony size, the pore size, and the secondary dendrite spacing of porous 

alumina ceramics prepared by freeze casting (C.M.Pekor et al., 2008). The addition of PEG 

affected the pore size and secondary dendrite in ethanol/dry ice conditions. He concluded that 

the coarsening of the ice crystals during unidirectional freeze casting of ceramic slips is 

sensitive to both the volume fraction of ceramic particles and the addition of PEG. M. 



53 
 

Fukushima et al studied the effect of the concentration of gelatin on the porosity, compressive 

strength, and microstructure of porous alumina ceramics prepared by the gelation-freeze route 

(M. Fukushima et al., 2017). With an increase in gelatin concentration from 1 to 5 wt.%, the 

porosity increases from 86.2 to 87.1 % and the compressive strength increases from 10.8 to 

19.2 MPa.  

Apart from the preparation of porous ceramics, there are few reports on the preparation 

of dense ceramics by freeze casting (K. Araki et al., 2004; S.W. Sofie et al., 2001). K. Araki et 

al used molten camphene at 55℃ as a medium for the preparation of alumina slurry for freeze 

casting. The removal of camphene from frozen slurry by sublimation is achieved at room 

temperature in a fume hood. He obtained a sintered density of 98.4 % T.D at 1600 oC for a 

freeze-cast body produced from a slurry with a solid content of 50.8 vol.% (K. Araki et al., 

2004). S. W. Sofie et al studied the effect of glycerol, a cryoprotectant, in the freeze casting of 

aqueous alumina suspensions using an acrylic emulsion binder, Duramax B-1001(S.W. Sofie 

et al., 2001). Here, the viscosity of the slurry decreases, and green and sintered density increases 

with the addition of glycerol. Moreover, a dense sintered microstructure free of freezing defects 

with good grain interconnectivity is achieved. The microstructure of dense alumina ceramics 

prepared by freeze casting using glycerol as a cryoprotectant is shown in Fig.1.35.  

 

Fig.1.35 Microstructure of dense alumina ceramics prepared by freeze casting using glycerol 

as a cryoprotectant (S.W. Sofie et al., 2001). 

100 µm 
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1.3.3 Additive manufacturing 

Additive manufacturing (AM) is a relatively new process for the preparation of near-net-shape 

ceramic components. In this, a 3D model of an object created in a computer is sliced into many 

layers with the help of software, and then the object is built on a platform layer-by-layer. The 

process has the benefits of complex shape manufacturing, low cost, shorter manufacturing time, 

and simplified procedure. The method is used for the preparation of metallic, polymeric, and 

ceramic components. Unlike metallic and polymeric materials, additive manufacturing for the 

commercial production of ceramic components is still in the infancy stage.  The AM processes 

are capable of manufacturing dense and porous ceramics of complex shapes. A photograph of 

dense and porous alumina ceramic components fabricated by additive manufacturing is shown 

in Fig.1.36. The additive manufacturing techniques are mainly classified into seven types, 

material jetting, material extrusion, direct energy deposition, sheet lamination, binder jetting, 

powder bed fusion, and vat photo-polymerization (J.Deckers et al., 2014). Another 

classification by Z. Chen et al based on the feedstock form as powder-based (3D printing, 

selective laser sintering, selective laser melting), slurry-based (stereolithography, digital light 

processing, two-photon polymerization, inkjet printing, direct ink writing), and bulk solid-

based (laminated object manufacturing, fused deposition modeling) (Z.Chen et al., 2019). 

Binders in polymeric or monomeric forms are inevitable for most ceramic additive 

manufacturing. X. Lv et al made a study on the binding mechanism of different AM processes 

and binders in binder jetting (X. Lv et al., 2019). They classified the liquid binders as tigger 

powder reactive (water and glycerol-based), self-adhesive (phosphoric acid, acrylic acid, 

polymer, isopropanol), and self- and powder-reactive (acidic calcium sulfate), and solid binder 

(polyvinyl alcohol, dextrin, instant alveoline, maltodextrin, starch).In powder-based selective 

laser sintering (SLS), various inorganic and organic binders are reported that glued the ceramic 

particles with melting (J. Deckers et al., 2014). HBO2 (I.Lee., 2002) is an inorganic type and 
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stearic acid (M.C.Leu et al., 2008), carnauba wax (M.Rombouts et al., 2012), phenolic resin 

(B. Stevinson et al., 2006), epoxy resin (J.Liu et al.,2014), PMMA (K. Subramanian et 

al.,1995), polystyrene (J. Deckers et al.,2013) and polypropylene (K. Shahzad et al., 2014) are 

the organic type binders reported in SLS process. In AM by photocuring, photopolymerization 

of a slurry which contains monomers, oligomers, a photoinitiation system, and a ceramic filler 

with a concentration in the range of 40 – 60 vol.% (A. Zocca et al., 2015; B.Oezkan et al., 

2021) occurs through the UV or laser beam. J. Nie et al studied the monomers 1,6-hexanediol 

diacrylate and ethoxylated (5) pentaerythritol tetraacrylate and a photoinitiator 1-

hydroxycyclothexyl-phenyl-ketone for UV curing for the stereolithography based AM of 

alumina (J.Nie et al., 2021). H. H. Tang et al proposed slurry-based selective laser sintering 

(SLS) using insoluble semi-crystalline polyvinyl alcohol (PVA) coated alumina powder as a 

structural material and water-soluble PVA as an organic binder. They achieved an average 

flexural strength of 363.5 MPa and a relative density of 98% (H.H. Tang et al., 2011). Multi-

functional photocurable acrylate systems such as an amine functional acrylate, pentaerythritol 

triacrylate, 6-hexanediol diacrylate, and trimethylolpropane triacrylate, modified acrylated 

polyether polyol are used to prepare the resins for SLS -3D printing as the acrylates undergo 

fast photo polymerization and produce ceramic green bodies of high fracture strength 

(M.Borlaf et al., 2019; C.Sciancalepore et al., 2017; H. J. Lee et al., 2021). T.F. McNulty et al 

reported a feedstock for the fused deposition of ceramics using a new family of thermoplastic 

binder system with an optimum concentration of 20 parts tackifier, 15 parts wax, 5 parts 

plasticizer, and 55 vol.% of lead zirconate titanate (PZT) powder (T.F. McNulty et al., 1998). 
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Fig.1.36 Sintered alumina parts fabricated using the LCM technique: (a) gear wheels; (b) a 

turbine blade; and (c) a cellular cube (M. Schwentenwein et al., 2015). 

1.4 Scope and Objectives 

Advanced structural ceramic materials are fabricated from fine ceramic powders using 

processing methods such as powder pressing, slip casting, tape casting, gel casting, freeze 

casting, injection molding, extrusion, and additive manufacturing. Various additives such as 

solvents, dispersing agents, binders, lubricants, and plasticizers are employed to enable shape 

forming from such fine powders. Out of these, the binders play a major role as it provides 

sufficient strength to the green body enabling handling and even machining in the green state. 

In addition, the binders used in the ceramic forming act as a rheology modifier, dispersing 

agent, and moisture retention agent. Several synthetic polymers have been exercised as binders 

in ceramic shape forming. Polyvinyl alcohol, polyethylene glycol, polyacrylic acid, and 

cellulose ethers are some of the water-soluble binders studied in ceramic shape forming. 

Polyvinyl butyral and polymethyl(methacrylate) are some of the non-aqueous binders studied 

in the shape forming of ceramics. Further, polymer-based emulsions prepared from acrylic 

monomers are also used as binders in ceramic processing. These emulsions possess high solid 

content (> 50 vol.%), and low viscosity and the polymers exhibit a wide range of glass 

transition temperatures. The acrylic emulsion binders provide superior properties in terms of 

green strength and flexibility and enable ceramic processing in an aqueous medium. In 
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addition, the emulsion-based binders easily disperse with the ceramic powder suspensions and 

produce co-dispersions of high solid content.  

Sustainable development requires the use of eco-friendly and naturally renewable raw 

materials and processing additives. This instigates the search for naturally renewable binders 

for the aqueous processing of ceramic powders. The polysaccharides and proteins such as 

gelatin, pectin, sucrose, agarose, carrageenan, and egg white albumin are reported as binders 

in ceramic forming. Natural rubber latex (NRL) is a naturally renewable polymer emulsion 

obtained from the bark of the Hevea Brasiliensis tree.The ammonia-stabilized NRL is 

commercially available in the highly concentrated (~ 60 wt.%) form. Moreover, NRL has 

outstanding properties such as a high tensile strength, elasticity, and a low glass transition 

temperature (-70 ℃). The high flexibility of NR at room temperature would eliminate the use 

of additional plasticizers. NR undergoes coagulation in the presence of acid, solvents, 

radiation, and by freezing. This can provide a handle for the gelation of co-dispersions of 

ceramic powder and NRL. In addition, the double bond in NR chains can form cross-links 

induced by metal oxides, sulfur, and radiation. Nevertheless, NRL is rarely studied as a binder 

in ceramic forming except for injection molding of alumina by C.F. Escobar (C.F. Escobar et 

al., 2015) and shape forming of hydroxyapatite for bio-medical applications by G.S. Sailaja 

(G.S.Sailaja et al., 2007). Therefore, the objectives of the present work are, 

 To study the NRL as a binder in ceramic shape forming. 

 To study alumina ceramic shape forming by powder pressing, slip casting, and tape casting 

using NRL binder. 

 To study NRL as a gelling agent for the preparation of dense near-net-shape alumina 

ceramics by gel casting. 

 To study NRL as a pore stabilizer for the preparation of porous alumina ceramics by freeze 

casting without freeze drying.  
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1.5 Organization of the thesis 

The thesis explains alumina shape forming using NRL binder. The powder pressing, slip 

casting, tape casting, and freeze-gel casting of alumina is studied using NRL as a binder and 

the results are presented in seven chapters. A brief review of ceramic processing with a focus 

on binders is presented in Chapter 1. 

Chapter 2 discusses the results of alumina powder pressing using the NRL binder. 

The preparation of powder pressing feedstock at various NR concentrations by co-coagulation 

of alumina-NRL co-dispersions using a formic acid solution and characterization of the 

resulting feedstock by the morphology of granules and flow time and Hausner ratio 

measurement is presented. The density and diametrical compressive strength of the pressed 

bodies prepared at various NRL concentrations and compaction pressures are measured and 

the results are discussed. The effect of annealing the green body on diametrical compressive 

strength is studied and presented. The cross-linking of rubber chains due to the Lewis acid 

character of alumina is proposed as a reason for a remarkable improvement in the strength of 

green bodies by annealing at 200℃. The green machining of annealed green bodies by lathing, 

milling, and drilling using conventional machines and tools is attempted and the results are 

presented. The ceramic prepared by binder removal followed by sintering at 1550℃ of the 

pressed bodies is characterized by density measurement and microstructure analysis and the 

results are discussed.  

The preparation of alumina ceramics by slip casting using the NRL binder is described 

in Chapter 3. The colloidal stability of the alumina-NRL co-dispersion is studied by zeta 

potential analysis and rheological measurements and the results are discussed. The thickness 

of the slip cast layer is investigated as a function of alumina slurry concentration, the 

concentration of NRL binder, and casting time. The NR cross-linking in the green body during 

annealing at 200℃ is evidenced through diametrical compressive strength measurement before 
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and after annealing at 200℃. Homogeneity in the binder distribution is studied by 

thermogravimetric analysis of samples collected from various parts of a green body and the 

results are presented. The capability of the NRL binder-based slip-casting system for the quick 

preparation of thin-walled alumina crucibles is also demonstrated.  

The NRL is successfully employed as a binder in the aqueous tape casting of 

alumina and the details are explained in Chapter 4. The colloidal stability and rheological 

characteristics of the tape casting slurries are studied using zeta potential and viscosity 

measurements. The tensile strength and flexibility (% elongation at break) of the green tape are 

measured as a function of NRL concentration and the results are discussed. A remarkable 

improvement in green density and microstructure achieved by roll-pressing of the green tapes 

is discussed. The shrinkage during sintering and density, microstructure, and average grain 

size, of the sintered alumina ceramic tapes are analyzed and presented.  

Chapter 5 describes the use of NRL as a gel former and binder for the preparation 

of alumina ceramic shapes by freeze-gel casting. The mechanism of gelation by freezing 

concentrated alumina-NRL co-dispersions in a mold followed by thawing in acetone is 

explained. The shape stability of gels formed is studied as a function of NR concentration and 

presented. The compressive strength of the shape-stable gel is measured and the result is 

discussed. The effect of acetone exchange on the drying kinetics of the wet-gel body is 

investigated and explained. The effect of annealing at 200℃ on the green strength and thermal 

decomposition of NR binder from the green body is discussed.  The capability of freeze-gel 

casting using NRL as a gelling agent to fabricate complex neat-net-shape dense alumina 

ceramics is demonstrated. 

NRL has been employed as a binder and pore stabilizer for the preparation of 

macroporous alumina ceramics by freeze-gel casting followed by air drying and the results are 

discussed in Chapter 6. The higher concentration of NRL stabilizes the macropores created 
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by the melting of ice crystals in the frozen body. The concentration of NR required to prevent 

the pore collapse at different alumina slurry concentrations is studied. The drying shrinkage, 

sintering shrinkage, porosity, and pore structure are evaluated and discussed in comparison 

with the samples prepared by freeze-drying the frozen bodies. The compressive strength and 

Young’s modulus of the macroporous ceramics prepared by freeze-gel casting are evaluated 

and discussed. The summary of important findings in the study and future perspectives of the 

work are presented in Chapter 7. 
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Chapter 2 

Alumina powder pressing using natural rubber latex as a binder 

2.1 Introduction 

Powder pressing is a simple and faster method for the production of ceramic shapes. The 

process achieves high green density at a relatively low amount of processing additives (M. H. 

Bocanegra-Bernal et al., 2004; G.H. Haertling et al.,1971). Powder pressing has been used for 

the fabrication of monolithic and composite ceramics, metal-ceramic composites, and 

functionally graded materials (J. Zhu et al., 2001; M. Dhanashekar et al.,2020). The process 

uses a granulated feedstock containing ceramic powder, a binder, a plasticizer, and a lubricant 

(J. L. Amoros et al., 2008). The incapability to produce complex shapes and development of 

density gradient in the green ceramic are the major drawback of the uniaxial powder pressing. 

Powder pressing followed by machining in the green state is utilized for the fabrication of more 

complex near-net-shape ceramic components (H. T. Larker et al.,1999; M. H. Bocanegra-

Bernal et al., 2009; S. Leo et al.,2014). Green machining demands high green strength which 

is obtained only with a few binders reported in the literature (S. D. Nunn et al.,1996; M. 

Desfontaines et al., 2005). Strength of the green body is affected by chemical bonding 

interaction between the functional groups of the binder with ceramic powder or the interaction 

between the binders themselves and their glass transition temperature (C. W. Nies et al.,1984; 

M. Potoczek et al.,2003). Polyvinyl alcohol, polyethylene glycol, acrylic emulsions, 

methylcellulose, and wax emulsions are some of the reported binders in powder pressing (M. 

N. Rahaman., 2017). Among them, acrylic emulsion binders demonstrated superior strength 

for green machining.  Recent researches focus on the use of natural renewable binders instead 

of synthetic one for sustainability and environmental friendliness (P. Wiecinska et al., 2020; 

N. P. Shapkin et al.,2021; M.F. Sanches et al.,2015). Naturally renewable molecules such as 
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sucrose, and aloe vera gel are studied as binders in ceramic shape forming by powder pressing 

(A. Kumar et al., 2014; V. P. Jyoti et al., 2022). Although natural rubber latex (NRL) is 

available in highly concentrated form in stabilized condition attempts to use it as a binder in 

ceramic shape forming is rarely reported (C. F. Escobar et al., 2015; G. S. Sailaja et al.,2007). 

In this chapter, we discuss the use of NRL as an eco-friendly binder in the powder pressing of 

alumina. Unlike the spray drying process to obtain the granulated feedstock, the granules for 

the powder pressing in the present work are prepared through the coagulation of alumina-NRL 

co-dispersions using a formic acid solution. The flow properties of the granules, the green 

density, and the green strength are presented as a function of rubber concentration. We have 

also demonstrated green machining of uniaxial pressed alumina bodies using the NRL binder.  

2.2 Experimental  

2.2.1 Materials 

A16SG α- alumina powder was procured from ACC Alcoa, Kolkata, India. The 

ammonia-stabilized concentrated NRL was procured from Hindustan Latex Ltd., 

Thiruvananthapuram, India. The solid content in the concentrated rubber latex was estimated 

gravimetrically by evaporating the water in a 50 ml beaker at 120 ℃. The ammonium 

poly(acrylate) [Darvan 821A, 40 wt.% aqueous solutions] used as a dispersant was procured 

from Vanderbilt Company Inc., Norwalk, CA, USA. The ACS grade (98 to 100%) formic acid 

was supplied by Merck India, Mumbai. Distilled water was used for the preparation of powder 

dispersions and solutions.  The surface area and average particle size of the alumina powder 

were measured using a surface area analyzer (Micromeritics Tristar II, USA) and a particle size 

analyzer (Nano ZS, Model ZEN 3600, Malvern, UK), respectively. The specific surface area 

and average particle size of the alumina powder observed are 10.3 m2/g and 0.34 µm, 

respectively.  The particle size distribution of the alumina powder is shown in Fig. 2.1a. The 
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SEM analysis of the alumina powder shows irregular particle morphology as shown in 

Fig.2.1b.   
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Fig.2.1 Particle size distribution (a) and SEM photomicrograph (b) of A16SG alumina 

powder 

2.2.2 Preparation of feedstock for powder pressing 

A 30 vol.% alumina slurry was prepared by dispersing 100 g alumina powder in 

distilled water using the ammonium poly(acrylate) dispersant in a 250 ml cylindrical 
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polypropylene bottle. The concentration of the dispersant was 0.4 wt.% of alumina powder. 

The slurry was ball milled for 12 hours using zirconia grinding media of 10 mm diameter in a 

roller ball mill.  The alumina powder to zirconia ball weight ratio was 1:3. The alumina slurry 

was transferred into a 250 ml glass beaker and mixed thoroughly with the NRL using a 

magnetic stirrer for 30 minutes. The NR concentration in the slurry was varied in the range of 

2 to 10 wt.% of the alumina powder. The alumina-NRL slurry was added dropwise from a 

burette into 2 liters of 10 mM formic acid solution under constant stirring using a mechanical 

stirrer. The stirring was continued for 10 minutes after the complete addition of the alumina-

NRL slurry. The formed alumina-natural rubber aggregates were allowed to settle for another 

30 minutes and the supernatant was decanted. The solid from the slurry was separated using a 

centrifuge (TC 4100F, Elektrocraft (India) Pvt. Ltd.) and dried at 50°C for 4 hrs. The dried 

alumina powder-rubber aggregates were ground using a mortar and pestle and sieved through 

a standard mesh to produce the powder-pressing feedstock. A flow chart for the preparation of 

alumina powder pressing feedstock is shown in Fig. 2.2. 
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Fig.2.2 The flow chart for the preparation of feedstock granules. 

2.2.3 Preparation of powder compacts and sintered ceramics    

The powder pressing was carried out using a laboratory model hydraulic press. The 

feedstock powder filled in a hardened stainless steel mold was pressed uni-axially using a 

plunger to produce cylindrical green compacts. Green compacts of two different dimensions 

viz. 13 mm diameter and 5 mm height and 50 mm diameter and 100 mm height were prepared. 
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The compaction pressure was varied in the range of 5 to 25 MPa.   The binder removal and 

sintering heat treatment of green samples were carried out in an electrically heated high-

temperature furnace. The ramp rate was 1℃/min up to 600℃ and 5℃/min from 600 to 1550℃. 

The samples were held for 1 hour at 600℃ and 2 hours at 1550℃ for completion of binder 

removal and sintering, respectively. 

2.3 Characterization 

2.3.1 Ash content & metal ion impurities in natural rubber latex 

The ash content of the rubber in the concentrated latex was estimated through 

gravimetric analysis following ISO 247-1 2018. Ash content was obtained from the weight of 

the samples using a sartorius weighing balance of readability 0.1 mg before and after being 

heated to 550℃ with a dwell time of 4 h in a muffle furnace. The obtained ash dissolved in 

dilute nitric acid was analyzed for the metal ion content using an inductively coupled plasma-

optical emission spectrometer (ICP-OES, Optima 4300 V, Perkin Elmer, USA). 

2.3.2 The solid content in natural rubber latex 

The total solid content in natural rubber latex was analyzed as per ISO-124 2014. A 

known weight of NRL taken in a 50 ml beaker was heated in an air oven at 100 ℃ for 2h. The 

solid content was calculated from the weight of the initial latex and the final weight of rubber 

retained in the beaker. 

2.3.3 Zeta potential analysis  

 The changes in zeta potential with pH were measured for the alumina powder 

dispersions, the NRL, and alumina-NRL co-dispersions using a Zetasizer (Nano ZS, Model 

ZEN 3600, Malvern, UK).  A 0.1 wt.% suspension in distilled water was used for the zeta 

potential measurement. The pH adjustment of the suspensions was done using dilute HCl and 

NaOH solutions.  
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2.3.4 Particle size distributions 

The particle size distribution of NRL was analyzed using a nano particle size analyzer 

(Nano ZS, Model ZEN 3600, Malvern, UK). The particle size distribution of alumina, NRL, 

and the alumina-NRL co-dispersions containing various amounts of natural rubber after the 

formic acid coagulation was analyzed using a Malvern Master Sizer 2000, UK. 

2.3.5 Moisture content 

The % moisture content in the powder pressing feedstock was estimated from the 

weight loss of the sample heated at 100 ℃ in an air oven for 4 hours using equation (6).  

   Moisture content=
(ெ್೐೑೚ೝ೐ିெೌ೑೟೐ೝ)

ெ್೐೑೚ೝ೐
× 100   (6) 

   where 𝑀௕௘௙௢௥௘is the mass of the sample before heating and 𝑀௔௙௧௘௥is the 

mass of the sample after heating at 100℃ for 4 hours. 

2.3.6 Measurement of the flow time of powder pressing feedstock  

The flow time of the powder pressing feedstock was measured using a standard funnel 

with a mouth diameter of 70 mm, tail diameter of 10 mm, and a tail length of 40 mm.  40 g of 

the powder pressing feedstock was transferred to the funnel, and time taken for the same to 

pass through the tail under gravity is noted. The reported values are the average of four 

measurements.  

2.3.7 Measurement of Hausner ratio 

The bulk density was estimated by measuring the volume of 10 g of the powder pressing 

feedstock in a 20 ml graduated measuring cylinder. The tapped density was estimated from the 

volume of the feedstock taken in the measuring cylinder after tapping on a rubber pad. 25 
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numbers of tapping were done before volume measurements in all the samples. The Hausner 

ratio was obtained as the ratio of tapped density to bulk density. 

Hausner ratio =
்௔௣௣௘ௗ ௗ௘௡௦௜௧௬

஻௨௟௞ ௗ௘௡௦௜௧௬
 

2.3.8 The density of the green and sintered bodies 

The density of the green bodies was calculated from their masses and dimensions. The 

dimensions were measured using a Vernier caliper.  The density value reported was an average 

of six measurements. The sintered density was measured by Archimedes’ principle using the 

equation (7). 

  The density of the sample = ቀ
𝑀௔௜௥

(𝑀௔௜௥ − 𝑀௪௔௧௘௥)ൗ ቁ  (7) 

 Where 𝑀௔௜௥ is the mass of the sintered body in the air and  𝑀௪௔௧௘௥ is the apparent mass 

of the body in water. 

2.3.9 Green strength  

The diametrical compressive strength of the as-prepared and annealed green bodies was 

measured using a universal testing machine (Instron 5500, USA). The diametrical compressive 

load-displacement measurement was carried on cylindrical alumina green bodies of 13 mm 

diameter and 5 mm height. The loading rate was 0.5 mm/min. The diametrical compressive 

strength was calculated using equation (8).The diametrical compressive strength values 

reported are averages of measurement made on six identical samples.    

𝝈𝒇 =
𝟐𝑭𝒎𝒂𝒙

𝝅𝑫𝒉
  (8) 

  Where 𝑭𝒎𝒂𝒙is the load at fracture, 𝑫 is the diameter and 𝒉 is the height of the 

sample. 
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2.3.10 Machinability of the green compacts 

 The machinability of the green compacts was checked by making rectangular slots by 

milling, holes by drilling, and recessed steps by lathing on a powder pressed body of 50 mm 

diameter and 100 mm height after annealing at 200℃.  The machining was performed using 

the respective conventional machines and high-speed steel tools.   

2.3.11 Thermogravimetric analysis 

 The TGA analysis of the green alumina samples was performed in an air atmosphere 

using a thermo-gravimetric analyzer (Q-50, TA Instruments, USA). The heating rate was 

5℃/min. 

2.3.12 Microstructure analysis  

The microstructure of feedstock powders, green body, and sintered alumina ceramic 

samples was examined using a scanning electron microscope (FESEM, Carl Zeiss Gemini 500 

field emission microscope, Germany). The samples were sputter-coated with Au-Pd alloy 

before the SEM analysis. The microstructure of green and sintered ceramics was observed on 

fractured surfaces. The size of feedstock granules was measured from the SEM micrographs 

using ImageJ software. The average grain size of the sintered alumina ceramic was measured 

from the respective micrograph using the linear intercept method.  

2.4 Results and Discussion 

2.4.1 Characterization of natural rubber latex 

The solid content in the concentrated NRL is estimated as 61.6 wt. %. The ash content 

in natural rubber is 0.3 wt. % which is comparable to that of the other polymer binders (X. K. 

Wu et al.,1997). The metal ion impurities in natural rubber estimated by ICP-MS analysis of 

the ash dissolved in dil. HNO3 solution are 0.083 wt. % of Ca, 0.019 wt. % of Mg, 0.011 wt. 

% Zn and 0.017 wt. % of aluminum. The particle size of NRL is in the range of 0.1 to 2 µm 
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with an average size of 0.5 µm. The particle size distribution graph of the NRL is given in 

Fig.2.3. 
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Fig.2.3 Particle size distribution of the NRL 

2.4.2 Preparation of powder pressing feedstock 

Powder pressing requires a uniform mix of ceramic powder and a polymeric binder 

having adequate flow properties as the feedstock. Conventionally, powder pressing feedstock 

is prepared by spray drying the ceramic powder dispersed in a binder solution. Contrary to this, 

in the present work, the co-coagulation of alumina powder-rubber latex co-dispersions has been 

used as a means of preparing a uniform powder-binder mix for pressing. Herein, the alumina 

powder forms a well-dispersed aqueous suspension in the presence of an ammonium 

poly(acrylate) dispersant. Fig. 2.4 depicts the effect of pH on the zeta potential of alumina, 

NRL, and alumina-NRL co-dispersions. Generally, zeta potential is a measure of electrostatic 

repulsion between the charged particles, and a value ≥ 40 mV is considered highly stable 

colloidal dispersions (H. Bijarbooneh et al., 2013). In the present case, the pH and zeta potential 

values of the prepared aqueous alumina powder suspension are 9.6 and -57 mV, respectively. 
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The carboxylic acid group of ammonium poly(acrylate) adsorbed on alumina particles undergo 

ionization in the basic medium and stabilizes the particles electrostatically. In addition, the 

adsorbed ammonium poly(acrylate) provides steric stabilization to the particle as well (J. 

Davies et al.,2000; H Kamiya et al.,1999). The stabilized NRL also exhibits a pH and zeta 

potential value of 10.7 and -58 mV, respectively. The latex particles are electrostatically 

stabilized due to the ionization of surface carboxylic acid groups of proteins and lipids present 

on their surface (K. Nawamawat et al.,2011; J. Sansatsadeekul et al.,2011). As the alumina and 

rubber latex particles have negative surface charges, the aqueous alumina powder suspension 

and stabilized NRL easily mix to form a co-dispersion. The alumina powder suspension 

dispersed using the ammonium poly (acrylate) shows an I.E.P of 3.5. The I.E.Ps of both rubber 

latex and alumina-NRL co-dispersion are located at a pH of 4.1. 
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Fig. 2.4 The effect of pH on zeta potential of alumina, NRL, and alumina-NRL co-

dispersions. 

The coagulation of the co-dispersion can be accomplished by adjusting the pH to ~4 

which is the I.E.P of the ammonium poly(acrylate) dispersed alumina powder-rubber latex co-

dispersion. The 10 mM formic acid solution shows a pH of ~3. The pH of the formic acid 
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solution shifts to 4±0.2 up on the addition of alumina powder-rubber latex co-dispersion 

containing 100 g alumina to 2 liters of 10 mM formic acid solution affecting their co-

coagulation. It has been observed that drop-wise addition of NRL to 10 mM formic acid 

solution under stirring results in the formation of bulky rubber precipitate which either sticks 

to the stirrer paddle or walls of the beaker.  On the other hand, the rubber is not separated as a 

bulky precipitate when the alumina powder-rubber latex co-dispersion with rubber 

concentrations up to 10 wt.% of the alumina powder is added dropwise to the 10 mM formic 

acid solution under stirring. Instead, the co-dispersions slowly settle leaving a clear supernatant 

once the stirring stopped. To follow the sedimentation behavior, 100 ml of the acidified co-

dispersion was taken in graduated measuring cylinders and the sediment volume is monitored 

with time. The sediment volume as a function of time is presented in Fig.2.5. The sedimentation 

rate of coagulated alumina dispersion is slow. On adding 2 wt.% natural rubber, a marginal 

increase in the sedimentation rate is observed. There is a significant increase in the 

sedimentation rate when the rubber concentration increases from 2 to 4 wt.%. Further increase 

in natural rubber concentration up to 10 wt.% produces a gradual increase in sedimentation 

rate. The sedimentation rate of a coagulated suspension depends on the size of the particle 

agglomerate produced during coagulation. The particle size distribution of the coagulated 

alumina powder-rubber latex co-dispersions containing various concentrations of rubber latex 

is shown in Fig.2.6. The coagulated alumina and alumina-rubber latex co-dispersions show 

uni-modal particle size distributions. The particle size distribution becomes wider as we 

increase the rubber latex concentration. The average particle size of alumina suspension 

increases from 0.34 to 1.64 m during coagulation by formic acid. The incorporation of 2 wt.% 

of rubber latex produces a marginal increase in average particle size (2.27 m) of the 

coagulated alumina-rubber latex co-dispersion. On the other hand, a further increase in rubber 

latex concentration rapidly increases the average particle size of coagulated alumina powder-
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rubber latex co-dispersion. The average particle size increases from 2.27 to 12.30 m when the 

rubber latex concentration increases from 2 to 10 wt.% of alumina.  
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Fig.2.5 The effect of NRL concentration on the sedimentation behavior of coagulated 

alumina-NRL co-dispersion.  
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Fig.2.6 The effect of NRL concentration on the particle size distribution of coagulated 

alumina-rubber latex co-dispersions. 
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When the alumina-rubber latex co-dispersion is added to a 10 mM formic acid solution, 

the surface charge of both alumina and rubber latex particles changes from a high negative 

value to close to zero. This results in particle agglomeration due to Van der Waals attraction. 

There are possibilities for the self-agglomeration of alumina and rubber particles and their co-

agglomeration. At lower rubber latex concentrations, there is a low probability of self-

agglomeration of rubber latex particles. Instead, the smaller alumina particles (average particle 

size-0.34 m) get attracted to the larger rubber latex particles (average particle size-0.5m) 

leading to their agglomeration. As rubber latex concentration increases, the probability of self-

agglomeration of rubber particles increases. However, the growth of the rubber particle to the 

stage of a bulky precipitate is prevented by the alumina particles on their surface. On the other 

hand, we have observed precipitation and separation of rubber latex during the coagulation of 

alumina powder-rubber latex co-dispersions containing rubber latex concentration higher than 

14 wt.%. Fig.2.7 shows a photograph of the precipitated natural rubber on the sides of the 

beaker and the stirrer paddle from an alumina powder-rubber latex co-dispersion containing 15 

wt.% of rubber. This indicates that at higher rubber latex concentrations, growth by the self-

agglomeration of rubber particles is fast enough to form a bulk precipitate. 

 

Fig.2.7 Photograph showing the rubber precipitate formed on the walls of the beaker and 

stirrer paddle at a rubber concentration of 15 wt.%. 
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2.4.3 Flow properties of powder pressing feedstock   

The powder pressing process demands good flow properties for the granulated powder 

feedstock for a continuous process and maintaining uniformity among the green bodies. 

Generally, the flow rate and Hausner ratio are some of the standard parameters measuring the 

flow property of a granulated powder (R. B. Shah et al., 2008; R.O. Grey et al., 1969). The 

relative flow property at various rubber concentrations is evaluated by measuring the time of 

flow of 40 g of alumina powder pressing feedstock through a glass funnel with a tail diameter 

of 10 mm. The alumina powder pressing feedstock without natural rubber and with 2 wt.% 

natural rubber take 41 and 20 seconds, respectively, to flow through the funnel even after 

several taping due to their poor flow property. On the other hand, the alumina powder pressing 

feedstock prepared using 4 to 10 wt.% rubber concentration flows through the funnel without 

tapping. The flow time decreases from 13 to 5 seconds when the rubber concentration increases 

from 4 to 8 wt.%. Further, an increase in rubber concentration to 10 wt.% results in an increase 

in flow time to 11 seconds. This observed trend in the flow time is further supported by 

calculating the Hausner ratio, the ratio of tapped density to the bulk density, of the powder 

pressing feedstock. Granulated powders with a Hausner ratio of less than 1.25 are considered 

to have good flow properties (A. Crouter et al., 2014). The feedstock containing 6 and 8 wt.% 

natural rubber exhibited a Hausner ratio of 1.23 and 1.07, respectively. The lowest flow time 

and Hausner ratio for the feedstock containing 8 wt.% natural rubber indicate its superior flow 

property. The observed trend in the flow time and Hausner ratio of the powder pressing 

feedstock may be due to the difference in the size distribution and morphology of the particle 

aggregates. The SEM micrographs of feedstock granules prepared at various natural rubber 

concentrations are given in Fig.2.8. 
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Fig.2.8 The SEM micrographs of powder pressing feedstock prepared at various natural 

rubber concentrations. 

The powder-pressing feedstock contains granules of both irregular and near-spherical shapes. 

The size and shape of granules depend on the rubber concentration. The feedstock prepared at 

2 and 4 wt.% rubber concentrations contain finer granules and the population of finer granules 

is more for the feedstock containing 2 wt.% rubber. The granule sizes observed at 2 and 4 wt.% 

rubber concentrations are in the ranges of 5 to 75 and 5 to 100 m, respectively. The feedstocks 

prepared at 6 and 8 wt.% rubber concentrations contain granules of similar morphology and 

size distribution. The observed granule sizes are in the range of 50 to 250 m. On the other 
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hand, the feedstock prepared at a rubber concentration of 10 wt.% depicts elongated granules 

with flaky morphology. Further, the large population of finer granules present at 2 and 4 wt.% 

rubber concentrations and elongated flaky morphology of granules at 10 wt.% natural rubber 

concentrations, respectively, are responsible for their poor flow property. The bulk density, 

tapped density, Hausner ratio, and flow time of alumina powder pressing feedstock prepared 

at various natural rubber concentrations are given in Table 2.1. 

Table 2.1 The effect of rubber concentration on flow time, bulk density, tapped density, and 

Hausner ratio of powder pressing feedstock. 

Rubber 

concentration 

(wt.%) 

Flow time (s) Bulk density 

(gm/cc) 

Tapped density 

(gm/cc) 

Hausner ratio 

0 

2 

4 

6 

8 

10 

41 

20 

13 

7 

5 

11 

0.72 

0.89 

0.7 

0.65 

0.88 

0.49 

1.26 

1.36 

1.15 

0.8 

0.95 

0.63 

1.75 

1.52 

1.64 

1.23 

1.07 

1.28 

 

2.4.4 Compaction behavior of feedstock   

During pressing in a mold, the particle aggregates present in the feedstock deform under 

relatively low pressure due to the low glass transition temperature of natural rubber. The effect 

of compaction pressure on the green density of powder compact obtained from alumina powder 

pressing feedstock at a rubber concentration of 10 wt.% is shown in Fig.2.9. The green density 

of the powder compacts increases from 64.1 to 67.7% of the theoretical density of alumina 



78 
 

when the compaction pressure increases from 5 to 20 MPa. Further, an increase in compaction 

pressure to 25 MPa does not have a significant effect on the green density. Therefore, a 

compaction pressure of 20 MPa is subsequently used for the preparation of green bodies. The 

optimum compation pressure in the present case is much lower than that used for powder 

pressing with the conventional binders which is reported in the range of 20 to 100 MPa 

(J.S.Reed., 1995). A higher green density achieved at lower compaction pressure is due to the 

highly deformable nature of natural rubber binder at room temperature. 
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Fig.2.9 The effect of compaction pressure on the green density of alumina ( rubber 

concentration 10 wt.% of alumina). 

The alumina feedstock prepared at various rubber latex concentrations, except for 2 

wt.%, exhibits good compaction behavior as evidenced by the defect-free green compacts 

produced with a high green density. Nevertheless, many of the green compacts prepared from 

the alumina feedstock at 2 wt.% rubber show defects such as end-capping which is shown in 

Fig.2.10. End-capping is a central cone-shaped separation occurred at the punching face during 

spring back due to poor strength of the green bodies (S. J. Glass et al.,1997; G. W. Egeland et 

al., 2010). It is inferred that the 2 wt.% rubber is not enough to provide sufficient strength to 
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the green compact to resist end-capping due to differential spring back. Therefore, the alumina 

feedstock prepared at a rubber concentration of 2 wt.% is discarded from further studies.  

 

Fig.2.10 The photograph shows the end-capping defect noticed on the green compacts 

prepared using 2 wt.% rubber content. 

The powder compact density increases with an increase in rubber concentration in the 

alumina powder pressing feedstock. The powder compact density increases from 63.6 to 67.7 

% of the theoretical density of alumina when rubber concentration increases from 4 to 10 wt.%. 

It appears that the increase in rubber concentration increases the plasticity of the alumina 

feedstock which promotes powder compaction. The effect of rubber concentration on the 

density of alumina powder compacts prepared at a compaction pressure of 20 MPa is shown in 

Fig.2.11. The uniform powder compaction in the pressed samples is further evidenced by their 

uniform microstructure. The microstructure indicates the absence of particle aggregates in 

green ceramics. A typical SEM microstructure of the fractured surface of a green body and the 

EDS elemental mapping for aluminium, oxygen and carbon (indicating NR) are shown in 

Fig.2.12.  It is clearly seen that the alumina ceramic particles and natural rubber binder are 

uniformly distributed throughout the green body. The photograph of cylindrical green 

compacts of various sizes prepared using NRL binder is shown in Fig.2.13. 
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Fig.2.11 The effect of the rubber concentration on the green density of alumina. 

 

Fig. 2.12 a)Typical microstructure of fractured surface of green alumina sample prepared by 

powder pressing using NRL binder, b) EDS  elemental mapping of aluminium, (c) oxygen 

and (d) carbon in the green body. 

a b 

c d 



81 
 

 

Fig.2.13 The photograph of alumina green bodies of various sizes prepared by powder 

pressing using NRL binder  

2.4.5 Effect of annealing of pressed compacts on green strength  

It is obvious to note that the strength of as-prepared green compacts increases with an 

increase in natural rubber concentration. The diametrical compressive strength of green bodies 

increases from 0.55 to 1.91 MPa when natural rubber concentration increases from 4 to 10 

wt.%. The increase in strength is due to better compaction and binding of alumina particles 

achieved with an increase in rubber concentration. This moderate green strength of 0.55 to 1.91 

MPa achieved is enough for the handling of the green bodies during further processing. 

However, this much green strength is not sufficient to carry out green machining. It has been 

reported that rubber undergoes a higher degree of thermal cross-linking through the double 

bonds present in the isoprene units in the presence of metal oxides (A. Smejda-Krzewicka et 

al., 2020). The cross-linking of the binder is expected to increase the strength of green bodies. 

To verify this and optimize the cross-linking temperature, the powder compacts prepared at 6 

wt.% natural rubber concentration are heat-treated at various temperatures in the range of 60 

to 240℃ for 2 hours and then evaluated for their diametrical compressive strength. The 

diametrical compressive strength of green compacts remains the same up to 100℃ and then 

increases slowly with heat-treatment temperature up to 140℃. Further, the diametrical 

compressive strength rapidly increases with an increase in heat-treatment temperature up to 

220℃ and then decreases. This indicates that the optimum level of cross-linking of natural 
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rubber in alumina green compact is achieved at 220 ℃. The schematic structure of the cross-

linked rubber is presented in Fig.2.14.  

 

Fig.2.14 The schematic structure of cross-linked natural rubber. 

The diametrical compressive strength observed at the optimum cross-linking is ~5.8 

times that obtained before cross-linking. The effect of heat-treatment temperature on the 

diametrical compressive strength of alumina powder compacts prepared at 6 wt.% natural 

rubber binder is shown in Fig.2.15. The decrease in diametrical compressive strength at a heat-

treatment temperature above 220℃ is due to the considerable decomposition of the natural 

rubber which is evidenced by the thermo-gravimetric analysis. 
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Fig.2.15 Effect of annealing temperature on the diametrical compressive strength of alumina 

green bodies prepared at a natural rubber concentration of 6 wt. %. 

The cross-linking of rubber not only increases the strength but also changes the nature 

of failure during diametrical compression as evidenced by the load-displacement graph shown 

in Fig.2.16. The photograph of the green bodies after the diametrical compressive strength test 

that differentiated the nature of fracture before and after cross-linking is shown in Fig.2.17. 

The samples before cross-linking show a ductile region in the load-displacement graph after 

the formation of the crack due to sagging. This is due to the deformable nature of the uncross-

linked rubber binder. On the other hand, the cross-linked samples show completely brittle 

failure and break into several pieces at the maximum load. Correspondingly, the load-

displacement plots show only elastic regions with a high Young’s modulus. Here, the 

deformation of the rubber binder is restricted due to the formation of the cross-links. 
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Fig.2.16 The diametrical compressive load-displacement graph of alumina green bodies 

prepared at various rubber concentrations before and after rubber cross-linking. 

 

Fig.2.17 The photographs of the green bodies after the diametrical compressive test 

(a). before cross-linking and (b) after cross-linking  

The alumina powder compacts prepared at 4 and 8 wt.% rubber after cross-linking 

shows 4.2 and 6.1, respectively, times the diametrical compressive strength before cross-

linking. On the other hand, at 10 wt.% rubber concentration, the diametrical compressive 

strength of powder compacts after rubber cross-linking is only 2.3 times the original value. The 
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decrease in diametrical compressive strength observed at 10 wt.% rubber is explained as 

follows. As rubber concentration increases, the thickness of the binder between the alumina 

particles also increases. There is an optimum thickness below which the failure occurs by 

debonding at the alumina particle-binder interface. At binder thickness above the optimum 

level, cracks are generated in the thick brittle binder layer rather than the alumina-binder 

interface leading to failure at a low-stress level. It appears that the alumina-cross-linked rubber 

interfacial bond strength is higher than the cohesive strength between the cross-linked rubber 

molecules. The effect of rubber concentration on the diametrical compressive strength of 

powder compacts before and after the cross-linking heat treatment at 220℃ is shown in 

Fig.2.18. The maximum diametrical compressive strength (9.3 MPa) of green alumina bodies 

obtained is higher than that reported with most of the other binders. The diametrical 

compressive strength of alumina green bodies prepared using various binders reported in the 

literature is presented in Table 2.2 
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Fig.2.18 Diametrical compressive strength of alumina green bodies prepared at various 

rubber concentrations before and after the rubber cross-linking. 



86 
 

Table 2.2 The diametrical compressive strength of alumina green bodies reported using various 
binders. 

Binder Diametrical compressive 
Strength (MPa) 

Binder 
Concentration 
(wt.%) 

Method of preparation 

Polyvinyl alcohol 0.6 3 Uniaxial pressing 

(S. Baklouti et al., 

1998) 
Polyethylene glycol 0.3 3 

Polyurethane 7 5 

Uniaxial pressing 

(M. Potoczek et al., 

2003) 

Polyvinyl alcohol ~0.9 5 

Uniaxial pressing 

(X.K. Wu et al., 1997) 

Polyethylene glycol ~0.4 5 

Acrylic DuramaxTMB-

1007 
~0.9 5 

Acrylic DuramaxTMB- 

1020 
~1.2 5 

Polyvinyl alcohol 0.16±0.03 3.07 Uniaxial pressing + 

Isostatic pressing 

(S.D. Nunn et al.,1996) 

Polyvinyl alcohol 

+PEG 
0.60±0.20 3.75 + 1.25 

DuramaxTM B-1031 6.5 5 

Uniaxial pressing 

(X.L.K. Wu et al., 

1995) 

PVX-35 co-polymer 

containing –COOH 

and –OH groups 

4.5 1.5 

Uniaxial pressing 

(M.R. Ben Romdhane et 

al., 2007) 

Sucrose 5.5 7.2 
Uniaxial pressing 

(A. Kumar et al., 2014) 

Gel casting using 

acrylamide 
3 4-5 

Uniaxial pressing 

(S.D.Nunn et 

al.,1994) 

NRL 9.4 8 

Uniaxial pressing 

(Present study) 
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2.4.6 Green Machining  

Green machining of pressed powder compact is an efficient way to achieve near-net-

shape ceramics as the machining of sintered ceramics consumes a large amount of energy and 

time (B. Su et al.,2008; S. Mohanty et al.,2013). To accomplish machining the green powder 

compacts should have sufficient strength to hold them in the conventional machines (S. D. 

Nunn et al., 1994). The alumina green bodies prepared at 6 and 8 wt.% natural rubber have 

sufficient strength to hold them in conventional machines without any damage due to rubber 

cross-linking during annealing at 220ºC. They could be machined by cutting recessed steps by 

lathing, rectangular slots by milling, and cylindrical holes by drilling. Fig.2.19 is a photograph 

showing recessed steps, a rectangular slot, and a hole machined on cylindrical alumina green 

bodies prepared using the natural rubber binder.   

 

Fig.2.19 Photograph of cylindrical alumina green bodies with rectangular slots, recessed 

steps, and a cylindrical hole made by milling, lathing, and drilling, respectively. 
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2.4.7 Binder removal and sintering  

The thermal degradation of natural rubber takes place in two stages. The first stage of 

decomposition is at temperatures in the range of 235–385°C where almost 80 % of weight loss 

takes place. The major degradation products of natural rubber are small molecules such as 

isoprene, dipentene, and small amounts of p-menthene (N. Ahmad et al.,2016). The second 

stage at temperatures in the range of 440 – 530 °C is due to the decomposition of carbonaceous 

residues formed in the first stage. Approx.0.30 % of ash content is retained after 530°C. The 

observed ash content is comparable with that of other binders reported in the literature (X.K. 

Wu et al.,1997). The ash content reported for PEG, PVA, and acrylic binders is 0.4, 0.4, and 

0.2 wt. %, respectively. The decomposition of natural rubber from the as-pressed green alumina 

sample shifted to a lower temperature. That is, the decomposition of rubber from the green 

alumina samples starts at a temperature of ~205℃ and ends at 490℃. This indicates that the 

alumina powder catalyzes the decomposition of natural rubber binder. On the other hand, the 

decomposition of binder from the alumina green body annealed at 220℃ is observed at a 

considerably higher temperature compared to that from the as-pressed samples. This is due to 

the higher thermal stability of the cross-linked binder (G.F. Levchik et al.,1999). It is interesting 

to note that the cross-linked rubber binder in the alumina green body exhibited a near steady-

state decomposition. It has been reported that the binder with steady-state decomposition 

undergoes burn-out without creating any cracks. That is, the cross-linking of the rubber binder 

in the powder-pressed bodies not only improves diametrical compressive strength to aid green 

machining but also favors slow and near steady-state binder burnout. The TGA of neat natural 

rubber, green alumina samples containing uncross-linked and cross-linked (after annealing at 

220 oC) natural rubber binder is shown in Fig.2.20. The lower weight loss observed in the TGA 

of green alumina sample after annealing heat treatment is due to the removal of proteins, lipids 

and carbohydrates which are present in natural rubber during the annealing heat treatment. 
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Fig.2.20 TGA of neat natural rubber, green alumina sample containing uncross-linked and 

cross-linked natural rubber binder (The NRL content in the green body is 8 wt.%) 

The burn-out of cross-linked natural rubber binder by heating at a rate of 1℃/minute up to 

600℃ does not create any crack or deformation in cylindrical alumina bodies subjected to 

green machining. The binder removed bodies sintered to 97% of the theoretical density of 

alumina at 1550ºC. A linear sintering shrinkage of ~18% is observed. The photograph of 

sintered alumina bodies is presented in Fig.2.21a. The densification achieved is further 

evidenced by the microstructure. The SEM photomicrograph of the fractured surface of the 

sintered alumina ceramics is shown in Fig.2.21b. The microstructure shows a combination of 

inter-granular and transgranular fracture. The average grain size calculated from the SEM 

image using the linear intercept method is 1.8 µm.  
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Fig.2.21 Photograph of sintered alumina bodies (a) and SEM photomicrograph of the 

fractured surface of the sintered alumina ceramics (b). The rectangular slots, recessed steps, 

and cylindrical holes are made by milling, lathing, and drilling, respectively, in the green 

state. 

2.5 Conclusions 

The study establishes NRL as a binder for the dry pressing of alumina powder.  Instead of the 

spray drying method, the co-coagulation of alumina and rubber latex particles from their 

aqueous co-dispersions using formic acid followed by centrifugation, drying, and grinding is 

used for the preparation of the alumina powder-pressing feedstock. The alumina slurry mixes 

well with NRL easily and forms co-dispersions by the electrostatic stabilization due to the high 
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negative potential of alumina and rubber particle surfaces The formation of rubber aggregates 

at rubber concentrations in the range of 2 to 10 wt.% is prevented by the co-coagulation of 

alumina and rubber particles. Coagulation leading to the formation of the rubber precipitate is 

observed at a rubber concentration ˃ 14 wt.%. The feedstock prepared at 6 and 8 wt.% natural 

rubber exhibits good flow properties as evidenced by their low flow time through a funnel and 

low Hausner ratio. A low compaction pressure of 20 MPa is sufficient to achieve a high green 

density of 67.7 % T.D due to the easily deformable rubber binder with a low glass transition 

temperature. The strength of pressed alumina powder compacts increases from 0.55 to 1.91 

MPa when the rubber concentration increases from 4 to 10 wt.%.  A remarkable increase in 

green strength (almost six times) is observed by annealing the pressed powder compacts at 

220℃ due to the cross-linking of the rubber binder in presence of alumina. A high diametrical 

compressive strength of 9.4 MPa obtained for the alumina green bodies with 8 wt.% rubber 

concentration is one of the highest values achieved for green bodies produced by powder 

pressing. Green bodies after annealing at 220℃ are amenable to machining such as lathing, 

milling, and drilling using conventional machines and tools. The near steady-state burn-out of 

cross-linked rubber binders from the green body is advantageous for producing crack-free 

ceramics. The alumina ceramics sintered at 1550℃ for 2 hours show a density of ~97% of the 

theoretical value. The microstructure analysis indicates intra-granular fracture and an average 

grain size of 1.8 µm. 
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Chapter 3 

Slip casting of alumina using natural rubber latex as a binder 

3.1 Introduction 

Slip casting is a widely used shape-forming process in both traditional and advanced ceramic 

industries that produces ceramic components such as pottery, ceramic membranes, multi-

layered composites, functionally graded ceramic structures, textured ceramics, and transparent 

ceramics (C. Hu et al.,2011; L. Jin et al., 2010; S. K. Amin et al.,2016). The major benefits of 

slip casting are simple, low production cost, high-density green bodies, and the capability to 

manufacture large and complex shape components. However, the longer time required for 

consolidation, non-uniform distribution of binder, and difficulty in green machining due to the 

poor green strength are the major limitations. Water is the preferred suspension medium for 

the preparation of slurries for slip casting due to its high availability, low cost, and 

environmental friendliness (D. W. Richerson et al.,2018; E. F. Adams.,1971). Water soluble 

binders such as polyvinyl alcohol (PVA), methylcellulose (MC), and carboxymethyl cellulose 

(CMC) are reported for the slip casting of ceramic powders (C.Falamaki et al., 2009; 

M.Barmala et al.,2009; K. Somton et al.,2019).  Recently, acrylic emulsion binders are widely 

studied for the slip casting of aqueous ceramic powder suspensions (K. M. Lindqvist et al., 

2005; A. Gubernat et al.,2015). In slip casting, the binders provide adequate yield stress for the 

consolidated slurry to resist deformation and flow while draining the excess slurry and 

subsequent partial drying and provide mechanical strength to the slip-cast bodies during drying, 

handling, and further heat treatment (J. S. Reed., 1995; J. S. Ha., 2000). The acrylic emulsion 

binders provide better performance in terms of green strength and rate of cast thickness 

formation compared to the PVA and cellulose-based binders.   
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Substitution of synthetic binders with naturally renewable polymers is very important for 

achieving sustainable development. However, slip casting using naturally renewable binders is 

seldom reported in the literature. In this chapter, slip casting of alumina using natural rubber 

latex (NRL), a low-cost eco-friendly biopolymer emulsion obtained from the bark of the Hevea 

Brasiliensis tree is discussed. The slurry rheology and cast layer thickness development as a 

function of NRL binder concentration, alumina loading, and casting time have been studied 

and presented. The slip-cast bodies achieved high green strength, which is comparable to that 

of gel-cast bodies reported in the literature. The efficacy of the binder to produce thin-walled 

alumina crucibles is also demonstrated.  

3.2 Experimental 

3.2.1 Materials 

The α-alumina powder with an average particle size of 0.34 µm and a specific surface area 

of 10.3 m2/g was procured from ACC Alcoa, Kolkata, India. Concentrated NRL of 61.5 wt.% 

solid content stabilized using ammonia was procured from Hindustan Latex Ltd, 

Thiruvananthapuram, India. Ammonium poly(acrylate) [Darvan 821A, 40 wt.% aqueous 

solutions] used as a dispersant was procured from Vanderbilt Company Inc., Norwalk, CA, 

USA. A silicon-free antifoaming agent was obtained from Sigma Aldrich, USA. The plaster of 

Paris was procured from J K Cement Ltd., New Delhi, India. Distilled water was used as a 

solvent medium for the preparation of slurries. 

3.2.2. Preparation of mold for slip casting  

700 g of the plaster Paris powder was thoroughly mixed with 1 L of water in a beaker 

to form a slurry. The slurry was poured into a square cardboard box of 160 mm x 160 mm x 6 

mm size and allowed to set at room temperature for 2 hours. The rectangular plaster of Paris 

body removed from the cardboard box was first dried at 70℃ for 10 hours and then at 100℃ 
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for 2 hours in an air oven.  The molds for the preparation of cylindrical slip-cast alumina green 

bodies were prepared by fixing PVC tubes of 30 mm diameter and 50 mm height on the 

rectangular plaster of Paris body using an adhesive. A photograph of the mold used for the 

preparation of cylindrical alumina green bodies by slip casting is shown in Fig.3.1. 

 

Fig.3.1 The photograph of the mold used for the preparation of cylindrical slip-cast bodies  

3.2.3 Preparation of green and sintered alumina ceramics by slip casting  

An aqueous slurry was prepared by dispersing the alumina powder in distilled water 

using the ammonium poly(acrylate) dispersant. The slurry taken in a 500 ml cylindrical 

polyethylene bottle was tumbled along with zirconia balls of 10 mm diameter on a roller ball 

mill for 12 hours. The alumina powder to zirconia ball weight ratio was 1:3. The concentration 

of ammonium poly(acrylate) was 0.5 wt.% of the alumina powder. The slurry was then poured 

into a beaker and mixed well with a calculated quantity of concentrated NRL and 0.20 wt.% 

of the antifoaming agent using a magnetic stirrer for 30 minutes.  The concentration of rubber 

in the slurry was varied from 2 to 8 wt.% of the alumina powder and the alumina loading (with 

respect to total water in the slurry) was in the range of 40 to 55 vol.%.  The slip casting slurries 
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thus obtained were poured into the PVC tube of the mold and aged for a different period for 

consolidation. The top of the PVC tube was covered with an aluminium foil to minimize the 

evaporation of water. The excess slurry was drained out after the pre-decided aging time. The 

slurry cast on the plaster of Paris surface was partially dried at room temperature for 12 hours 

and then removed from the mold. The slip-cast body removed from the mold was subsequently 

dried in an air oven at 70℃ for 12 hours. The dried green bodies were annealed at 200℃ for 2 

hours at a ramp rate of 1℃/minute.  The binder removal from the annealed bodies was 

performed by heating in an electrically heated muffle furnace at a rate of 1℃/minute up to 

600℃ and holding at the final temperature for 2 hours. The sintering of the binder-removed 

bodies was carried out in a high-temperature sintering furnace at 1550℃ for 2 hours in an air 

atmosphere. The heating rate was 5℃/minute. A flow chart of the slip casting using the NRL 

binder is shown in Fig. 3.2.  
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Fig.3.2 Flow chart of the slip casting process for the alumina ceramics using NRL binder. 

3.3 Characterization 

3.3.1 Zeta potential mesurement  

The Zeta potential of alumina powder suspension, NRL, and alumina-NRL co-

dispersions was measured as a function of pH using a Zeta sizer (Nano ZS, model ZEN 3600, 

Malvern, UK). The dispersion concentration used for the zeta potential measurement was 0.1 

wt.%. Dilute NaOH and HCl solutions were used for pH adjustment.  
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3.3.2 Rheological properties of slip casting slurries 

The viscosity of the slip-casting slurries at various shear rates was measured using a 

Brookfield viscometer (Brookfield Engineering Inc., Middleboro, MA) with a small sample 

adapter and a cylindrical spindle (SC21). The yield stress was calculated from the shear stress 

and shear rate data using the Casson Model (N. Q. Dzuy et al.,1983). 

3.3.3 Cast layer thickness 

The thickness of the green bodies was measured using a Vernier caliper. The thickness 

of the body was measured at a minimum of six locations and an average of the six 

measurements was reported.     

3.3.4. Green and sintered densities 

The density of the green bodies was measured from their weight and dimensions. The 

dimensions were measured using a Vernier caliper.  The sintered density was measured using 

Archimedes’ principle.  

3.3.5 Green strength 

The diametrical compressive strength of slip-cast green bodies was measured using a 

Universal Testing Machine (Instron 5500, Instron USA). The cylindrical samples of 13.5 mm 

diameter and 6.5 mm height were used. The strain rate was 0.5 mm/minute. The diametrical 

compressive strength was calculated from the load at break and sample dimensions using 

equation (8) given in Chapter 2.  
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3.3.6 Thermogravimetric analysis 

The TGA of the green sample was performed in an air atmosphere using a 

Thermogravimetric analyzer (Q-50, TA Instruments, USA). The heating rate was 10 °C/min. 

3.3.7 Microstructure analysis  

The microstructure of fractured surfaces of green and sintered samples was observed 

using a scanning electron microscope (FESEM, Carl Zeiss Gemini 500 field emission 

microscope, Germany). The samples were sputter-coated with gold before the SEM analysis. 

The average grain size of the sintered alumina ceramic was measured from the SEM 

microstructure using the linear intercept method. 

3.4 Results and Discussion 

3.4.1 Colloidal stability 

A well-dispersed slurry is required to get a uniform packing of particles and a defect-

free final microstructure (L. Bergstrom., 2001). The slip casting slurries prepared by mixing 

alumina powder suspension and concentrated NRL show a pH in the range of 9.2 to 9.5. At 

this pH range, the zeta potential measured for the ammonium poly(acrylate) dispersed alumina 

particles is -53 mV. The zeta potential value observed for NRL particles at this pH range is -

57 mV.  That is, ammonium poly(acrylate) dispersed alumina particles, and the NRL particles 

in the suspension possess high negative surface charges at pH in the range of 9.2 to 9.5. In the 

case of NRL particles, the negative surface potential is attained by the ionization of the 

carboxyl groups of the proteins and lipids located at their surface. On the other hand, the 

ionization of carboxyl groups of adsorbed ammonium poly (acrylates) gives a negative surface 

potential to the alumina particles. These like charges on the particles provide electrostatic 

stabilization to the alumina and NRL particles in the co-dispersion. Therefore, a simple 
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magnetic stirring of alumina slurry and NRL leads to their easy mixing to form concentrated 

stable alumina-NRL co-dispersions for slip casting.  

3.4.2 Rheological characteristics of slip casting slurries 

The concentrated NRL and alumina slurries show shear-thinning flow behavior. The 

concentrated NRL shows viscosity in the range of 0.0625 to 0.0275 Pa.s at shear rates in the 

range of 3.7 to 93 s-1. On the other hand, 50 vol. % alumina slurry displays a viscosity in the 

range of 0.875 to 0.14 Pa.s at shear rates in the range of 3.7 to 93 s-1. The viscosity and shear-

thinning behavior of the slip-casting slurries prepared at 50 vol.% alumina (with respect to 

water present in the slurry) increase with an increase in rubber concentration. Although the 

alumina concentration with respect to water in the slurry is kept constant (50 vol.%), the total 

solids concentration (including rubber) in the slurry increases from 50 to 57.8 vol.% when the 

rubber concentration increases from 0 to 8 wt.%. The observed increase in viscosity and shear 

thinning behavior are due to the increase in the total solid concentration. The viscosity at 

various shear rates of 50 vol.% alumina slurry containing different concentrations of NRL is 

shown in Fig. 3.3. Nevertheless, the viscosity and shear-thinning behavior of the slurries 

prepared at a constant natural rubber concentration of 4 wt.% increase with an increase in 

alumina loading. The viscosity versus shear rate plot of slurries of alumina loading in the range 

of 40 to 55 vol.% at  NRL concentration of 4 wt.% is shown in Fig.3.4.  
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Fig.3.3 The viscosity vs. shear rate of 50 vol.% alumina slurry containing different 

concentrations of NRL 
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Fig.3.4 The viscosity vs. shear rate plot of slurries of alumina loading in the range of 

40 to 55 vol.% at a fixed NRL concentration of 4 wt.% 

It has been reported that a slurry viscosity of less than 2 Pa.s at a shear rate of 100 s-1 is adequate 

for slip casting to achieve good green densities (S. Leo et al., 2014). The viscosity of slurries 
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prepared at an alumina concentration in the range of 40 to 55 vol. % containing rubber 

concentrations from 2 to 8 wt. % of alumina shows a viscosity less than 2 Pa.s at 93 s-1. That 

is, the viscosity of the slurries prepared is within the limit recommended for slip casting. On 

the other hand, a 41.1 vol.% alumina slurry containing 2 wt.% poly(vinyl alcohol) binder 

prepared by adding 10 wt.% aqueous PVA solution into 58.2 vol.% aqueous alumina slurry 

displays a viscosity in the range of 6.31 to 0.43 Pa.s at a shear rate in the range of 3.7 to 93 s-1. 

This viscosity is much higher than that of 55 vol.% alumina slurry containing 4 wt.% NRL 

binder. It is worth noting that an increase of PVA concentration beyond 2 wt.% further 

decreases the alumina concentration in the slurry. This clearly shows that the use of 

concentrated NRL instead of conventional PVA binder facilitates the preparation of slip 

casting slurries of higher alumina powder loading with a wide concentration range of the 

binder.  The viscosity at various shear rates of a 41.1 vol.% aqueous alumina slurry prepared 

at 2 wt.% PVA binder is shown in Fig. 3.5.  
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Fig.3.5 The viscosity vs. shear rate of a 41.1 vol.% aqueous alumina slurry prepared at 2 

wt.% PVA binder 
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Generally, the rheological characteristics of concentrated ceramic powder suspensions showing 

shear thinning flow behavior are well explained by the Casson model (X. Zhu et al., 2002; W. 

J. Jr Walker et al., 1999; C. F. Escobar et al., 2015). In the present case, the flow behavior of 

the slip casting slurries fits well with the Casson model given as equation (9). 

𝝉
𝟏

𝟐 =  𝝉𝒚
𝟏/𝟐

+ 𝒄 𝜸𝟏/𝟐 (9) 

Where τ and γ are the shear stress and shear rate, respectively, c is a constant and τy is the yield 

stress of the slurry. That is, a plot of the square root of shear stress versus the square root of 

shear rate gives a straight line. The yield stress of the slurry is calculated by extrapolating the 

straight-line graph to Y-axis. The Casson plot of the slip casting slurries is shown in Fig.3.6. 

The yield stress of 50 vol.% alumina slurries shows an increase from 2.84 to 4.79 Pa when the 

NRL binder concentration increases from 0 to 8 wt.%. On the other hand, the yield stress of 

slurries increases from 0.37 to 9.73 Pa when the alumina concentration increases from 40 to 55 

vol.% at a fixed NRL binder concentration of 4 wt.%. In contrast, the 41.1 vol.% alumina slurry 

containing 2 wt.% PVA binder shows yield stress of 20.88 Pa. The moderate yield stress of the 

slip casting slurries using the NRL binder enables easy mold filling and provides adequate 

strength for the cast layer formed on the mold surface to resist deformation and flow while 

draining the excess slurry and subsequent partial drying before mold removal.  
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Fig.3.6 The Casson plot of slip casting slurries. 

3.4.3 Effect of rubber concentration on casting rate  

The efficiency of the slip casting can be explained in terms of the casting rate (the rate 

of formation of cast layer thickness) (L. F. Francis., 2015). Here, the thickness of the cast layer 

formed on the surface of the mold depends on the NRL binder concentration, alumina loading 

in the slurry, and casting time. The effect of NRL binder concentrations (2 to 8 wt.%) on the 

thickness of the cast layer is studied at a constant alumina slurry loading of 50 vol. % and a 

casting time of 1 hour. The reported cast layer thickness throughout this chapter is the thickness 

of the green body measured after drying at 70℃. The 50 vol.% alumina slurry without NRL 

binder forms a cast layer thickness of 8.5 mm in 1 hour. The thickness of the cast layer 

decreases with an increase in NRL binder concentration and the value reaches 4.2 mm when 

the binder concentration reaches 8 wt.%. In slip casting, a layer of slurry rapidly casts on the 

surface of the mold due to the absorption of water from the slurry by the capillaries present in 

the mold (J. S. Reed., 1995). Further growth of this layer depends on the permeability of the 

cast layer already formed. It appears that the rubber latex particles present in the inter-alumina 

particles region hinder the flow of water which results in a decrease in cast layer thickness with 
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an increase in rubber latex concentration. The thickness of the cast layer formed as a function 

of NRL binder concentration at a constant alumina loading of 50 vol.% and casting time of 1 

hour is shown in Fig.3.7.  
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Fig.3.7 Effect of NRL binder concentration on the thickness of the cast layer formed at 1 

hour from a slurry of 50 vol.% alumina loading. 

3.4.4 Effect of casting time on casting rate  

The effect of casting time on the thickness of the cast layer at NRL binder concentration 

of 4 wt. % of alumina and at an alumina slurry loading of 50 vol. % is shown in Fig.3.8. The 

thickness of the cast layer rapidly increases from 4.4 to 17 mm when the casting time increases 

from 30 to 240 minutes. Further, a slow down of the thickness development is observed and 

the cast layer thickness reaches only 18 mm in 480 minutes. The initial sharp increase in cast 

layer thickness is due to the availability of more free pores on the plaster mold for the capillary 

absorption of water. As the casting time increases, the pores in the mold are filled with water 

which results in lower water absorption by the mold. Another reason for the decrease in the 
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rate of cast layer thickness formation with an increase in time is the resistance to the permeation 

of water through the thick cast layer already formed on the mold surface.   
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Fig.3.8 The effect of casting time on cast layer thickness at 4 wt.% NRL binder concentration 

from a slurry of 50 vol.% alumina loading. 

3.4.5 Effect of alumina concentration in the slurry on casting rate  

The third parameter deciding the rate of cast layer thickness formation is the alumina 

powder loading in the slurry. Fig.3.9 shows the effect of alumina powder loading on the 

thickness of the cast layer developed at NRL binder concentration of 4 wt. % and at a casting 

time of 1 hour. The cast layer thickness increases from 4.13 to 4.55 mm when the alumina 

powder loading in the slurry increases from 40 to 45 vol. %. Further, an increase in slurry 

concentration to 55 vol.% rapidly increases the cast layer thickness to 6.5 mm. In the case of 

highly concentrated slurries, gelation can be achieved by draining a small amount of water 

leading to faster growth of the cast layer on the plaster mold surface. On the other hand, the 

41.1 vol.% alumina slurry containing 2 wt.% PVA binder prepared for comparison shows a 

cast layer thickness of 2 mm in one hour. The thickness developed is nearly 2 times lower than 
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that produced from NRL binder-based slurry of similar alumina concentration. Further, the 

thickness developed is three times lower than that produced from the slip casting slurry of the 

highest alumina loading achieved with the NRL binder. This indicates the capability of the 

NRL binder system to produce slurries of higher alumina powder loading with viscosity ranges 

suitable for slip casting enabling faster cast layer thickness formation.    
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Fig.3.9 The cast layer thickness formed vs. alumina slurry concentration at 4 wt. % NRL 

binder concentration.  

3.4.6 Green density and microstructure 

The green bodies prepared at NRL binder concentrations in the range of 0 to 8 wt. % 

of alumina are evaluated for their density. The density of slip-cast green bodies as a function 

of NRL binder concentration is shown in Fig.3.10. The slip-cast body without the NRL binder 

shows a green density of 2.48 g cm-3. This is 62.31% of the theoretical density of alumina. The 

green density decreases from 2.48 to 2.12 g cm-3 when the NRL binder concentration increases 

from 0 to 8 wt. % of alumina. These values are corresponding to 62.31 to 53.26% of the 

theoretical density of alumina. The theoretical density of alumina-natural rubber composites 
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containing 0 to 8 wt.% natural rubber calculated using the rule of mixtures is in the range of 

3.94 to 2.64 g cm-1. The density of natural rubber is taken as 0.93 g cm-1 for the calculation of 

the theoretical density of alumina-natural rubber composites. When the density of the 

composites is used as a base value for the calculation, the percentage of the theoretical density 

of the slip-cast green bodies containing 0 to 8 wt.% of NRL becomes in the range of 62.43 to 

66.93. This indicates that the NRL binder does not hinder the packing of alumina particles 

during slip casting and the observed decrease in bulk density of the green body is due to the 

lower density of natural rubber compared to that of alumina. On the other hand, the 41.1 vol. 

% alumina slurry containing 2 wt.% PVA binder prepared for comparison produces slip-cast 

green bodies of density 2.05 g cm-1. This is only 52.1% of the theoretical density of alumina. 

That is, the particle packing during consolidation is high in NRL binder-based slip casting 

slurries compared to the PVA binder-based slurries. It appears that the PVA binder bridges the 

alumina particles during consolidation leading to agglomeration which results in a lower 

particle packing. The high packing of alumina particles in the NRL binder-based green body is 

further evidenced by the SEM image of the fractured surface of the slip-cast green body. The 

SEM photomicrograph of the fractured surface of a slip-cast alumina green body prepared at 6 

wt.% NRL concentration is shown in Fig.3.11. Few larger pores observed in the SEM image 

are formed by the removal of alumina particle-NR aggregates during fracture for sample 

preparation. 
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Fig.3.10 The plot of the green density of slip-cast bodies as a function of NRL binder 

concentration. 

 

Fig.3.11 The SEM fractograph of a slip-cast alumina green body prepared from 50 vol.% 

alumina slurry and at 6 wt.% NR concentration. 

3.4.7 Green strength  

The strength of slip-cast green bodies is measured by diametrical compression after 

drying at 70℃ and after annealing at 200℃ for 2 hours. The load-displacement graph obtained 

during the diametrical compression of slip-cast alumina green samples containing different 
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concentrations of NRL binder is shown in Fig.3.12. In all the samples, a crack is formed along 

the diameter during the diametrical compression. In the case of green bodies dried at 70℃, the 

samples deform plastically after the formation of cracks as they are partially ductile due to the 

presence of the rubber binder. On the other hand, in the case of the samples annealed at 200℃, 

as soon as the crack develops, they break into pieces in a brittle manner. The load at which the 

crack developed on the sample is taken as the load at the break for the calculation of diametrical 

compressive strength. The diametrical compressive strength as a function of natural rubber 

concentration before annealing and after annealing at 200℃ is shown in Fig.3.13. The 

diametrical compressive strength of green bodies dried at 70℃ increases from 0.45 to 1 MPa 

when the rubber concentration increases from 0 to 8 wt. %. The strength of dried green bodies 

is comparable with that of slip-cast green bodies reported in the literature using other 

conventional binders (S. D. Nunn et al.,1994; K. Somton et al.,2019). However, in the case of 

green bodies containing natural rubber binder a drastic increase in the strength is observed after 

annealing at 200℃. On the other hand, the green body without a natural rubber binder does not 

show any improvement in strength by the annealing. The strength of annealed green bodies 

increases from 3 to 9.68 MPa when the rubber concentration increases from 2 to 8 wt.%. This 

corresponds to a 6 to 9.68 times increase compared to the green strength of the slip-cast bodies 

before annealing at 200℃. The partially ductile to brittle transition and the remarkable increase 

in the strength during annealing at 200℃ are due to the cross-linking of rubber chains through 

the double bonds present in the isoprene units induced by the Lewis acid nature of alumina.  
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Fig.3.12 The load vs. displacement plot of slip-cast green alumina bodies prepared at 

different NRL binder concentrations after (a) drying at 70℃ (before cross-linking) and (b) 

annealing at 200℃ (after cross-linking). 
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Fig.3.13 The variation of diametrical compressive strength as a function of NRL binder 

concentration of slip-cast green bodies after drying at 70℃ and annealing at 200℃. 
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It has been reported in Chapter 2 that at 2 wt.% natural rubber concentration, preparation of 

green samples by powder pressing is not feasible due to end-capping because of the poor green 

strength. Contrary to this, the slip-cast green body containing 2 wt.% NRL after annealing at 

200℃ shows a diametrical compressive strength of 3 MPa. At 4 wt.% NRL concentration, the 

slip-cast green body shows a diametrical compressive strength of 5 MPa in comparison to 2.3 

MPa obtained for the powder-pressed sample. Beyond 4 wt.%, the diametrical compressive 

strength of green bodies prepared by powder pressing and slip-casting are more or less similar. 

In the powder pressing reported earlier, the feedstock is prepared by the coagulation of alumina 

powder-rubber latex co-dispersions using a formic acid solution. It appears that the coagulated 

rubber latex percolates at a concentration beyond 4 wt.% leading to stronger green bodies. On 

the other hand, co-consolidation from the well-dispersed suspension during slip-casting results 

in uniform distribution of the latex particles in the slip-cast green body even at a very low NRL 

concentration of 2 wt.%. The higher strength of slip-cast green bodies observed at a lower NRL 

binder concentration is due to the uniform distribution of the latex particles.  

3.4.8 Green machining 

Generally, the green bodies produced by slip casting show low strength (S. D. Nunn et 

al., 1994). The synthetic acrylic latex binders produce slip-cast bodies of considerably higher 

green strength compared to the solution-based polymer binders (K. M. Lindqvist et al., 2005; 

N. Demirkol et al., 2007). The strength of ceramic green bodies prepared using various binders 

reported in the literature is summarized in Table 3.1. It is important to note that the strength of 

slip-cast green bodies prepared using NRL binder after annealing at 200℃ is much higher than 

that reported for the green bodies prepared using synthetic latex-based binders. It is worth 

noting that, due to the rubber cross-linking during annealing at 200℃, the strength of green 

bodies is enhanced to the level of green strength achieved by some of the best gel casting 

systems (S. D. Nunn et al., 1994). It has been reported that strength greater than 3MPa is 
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required for successful green machining (S. D. Nunn et al.,1994). The green bodies produced 

at NRL binder concentration of 2 wt.% exhibit strength of 3 MPa. That is, the green bodies 

produced at NRL binder concentration of 2 wt.% and above show sufficient strength for 

machining. The green bodies after annealing at 200℃ are amenable to milling and drilling 

using conventional machines and high-speed steel tools. Fig.3.14 is a photograph of a 

cylindrical slip-cast green body showing a slot made by milling and holes made by drilling.  

Table 3.1 The strength of the slip-cast green bodies reported using different binders. 

Ceramic 

powder 

Binder Concentration of 

binder, wt. % 

Strength, MPa Reference 

Alumina 
Acrylic latex 

emulsion 
5 

2 

(Diametrical 

compression) 

K. M. 

Lindqvist et 

al., 2005 

Low clay 

white ware 

Acrylic latex 

emulsion 

 

7 
4 

(flexural) 

N. Demirkol et 

al.,2007 

Alumina Polyvinyl alcohol 2 
0.52 

(flexural) 

K. Somton et 

al., 2019 

Alumina 
Polyvinyl alcohol 

+ Carbowax 
3.75 + 1.25 

1.88±0.04 

(Diametrical 

compression) 

S. D. Nunn et 

al., 1994 

Alumina 
Carboxymethyl 

cellulose 
0.5 

1.4 

(flexural) 

J. S. Ha et al., 

2000 

Alumina NRL 4 

5 

(Diametrical 

compression) 

Present study 
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Fig.3.14 Photograph of a cylindrical alumina green body showing a slot made by milling and 

holes made by drilling. 

3.4.9 Thermogravimetric analysis  

Non-uniform distribution due to the migration of binder during consolidation is 

reported in slip-cast bodies prepared using water-soluble polymeric binders (P.C.Hidber et 

al.,1995). Fig.3.15 shows the TGA of the samples collected from the top and bottom portion 

of a cylindrical green body prepared by slip-casting using NRL binder. It is worth noting that 

the sample collected from the bottom (surface in contact with the plaster mold) of the 

cylindrical slip-cast green body shows a binder content of 4.83 wt. % whereas that collected 

from the top portion shows a binder content of 4.88 wt.% of alumina. This concludes that there 

is no appreciable binder migration during slurry consolidation by the slip casting. The particle 

size of the NRL is in the range of 0.1 to 2 m with an average size of 0.5 m. That is, NRL 

and alumina powder have more or less the same range of particle sizes. This leads to their co-

consolidation rather than the migration of rubber latex particles along with the dispersion 

medium. This leads to uniform distribution of the NRL particles throughout the alumina green 

bodies. The TGA graphs further show the disintegration of natural rubber in the green alumina 



115 
 

sample at a temperature in the range of 200 to  550oC. A near steady-state decomposition of 

the binder from the green sample is observed.  The slip-cast alumina green bodies do not show 

cracks or deformation during the debinding by heating at a rate of 1oC/minute.  
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Fig.3.15 TGA of samples collected from the top and bottom surface of the slip-cast green 

body. 

3.4.10 Sintering 

The debinded green bodies sintered to ~ 97% of theoretical density at 1550 oC. Nearly 

13.57 % of diametrical and 14.88 % linear shrinkages are observed during the sintering of the 

cylindrical green bodies. Fig.3.16 shows the SEM microstructure of the fractured surface of a 

slip-cast alumina body sintered at 1550℃. The microstructure is homogeneous and dense. The 

average size of alumina grains in the sintered ceramics calculated from the SEM image using 

the linear intercept method is 1.82 µm.  
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Fig. 3.16 The SEM image of the fractured surface of sintered slip-cast alumina ceramic. 

3.4.11 Preparation of thin-walled crucibles 

Fabrication of hollow ceramic components of low wall thickness (close to 1mm) by slip 

casting is challenging as the parts are likely to crack while mold removal and subsequent drying 

due to low strength. However, the slip casting using NRL binder can quickly produce thin-

walled alumina crucibles. Sintered alumina crucibles of 1.7 and 1.2 mm thickness could be 

successfully produced at casting times of 5 and 2 minutes, respectively.Fig.3.17 shows the 

photograph of thin-walled sintered alumina crucibles fabricated by slip casting using NRL 

binder.   

 

Fig.3.17 Photograph of thin-walled sintered alumina crucibles prepared by slip-casting using 

NRL binder. 
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3.5 Conclusions 

Slip casting of aqueous alumina powder suspensions is studied using a NRL binder.  The slurry 

rheology, rate of cast layer thickness formation, green density, and green strength are evaluated 

in comparison with the commonly used PVA binder. Slip casting slurries of high (40-55 vol.%) 

alumina concentration at NRL binder concentrations in the range of 2 to 8 wt.% having suitable 

viscosity (<2 Pa.s at a shear rate of 100 s-1) could be prepared due to the high and negative zeta 

potentials of latex and alumina particles at the suspension pH (9.2 to 9.5) and high solid content 

of the concentrated NRL. The green density and green strength observed are in the ranges of 

62.43 to 53.42% TD and 0.45 to 1 MPa, respectively, at NRL binder concentrations in the 

range of 0 to 8 wt.%.  The slip-cast alumina bodies show a 6 to 9.68 times increase in 

diametrical compressive strength by annealing at 200℃ due to the cross-linking of rubber 

chains induced by the Lewis acid character of the alumina. The slip-cast green bodies after 

annealing are amenable to machining using conventional machines and tools. The NRL binder-

based slip casting exhibits superior performance in terms of lower slurry viscosity, and a higher 

rate of cast layer thickness formation, green density, and green strength. A uniform distribution 

of natural rubber binder throughout the green body is evidenced from the TGA analysis of 

samples collected from different parts of a slip-cast green body indicating negligible binder 

migration during consolidation. The natural rubber binder shows a near steady-state burnout 

from the slip-cast green body. Alumina ceramics with a density of ~ 97% TD could be obtained 

by sintering the slip-cast bodies at 1550℃ for 2 hours. Alumina crucibles with wall thickness 

as low as 1.2 mm could be quickly fabricated by slip casting using NRL binder. The sintered 

ceramics exhibit a dense microstructure with an average grain size of 1.8 m. 
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Chapter 4 

Aqueous alumina tape casting using natural rubber latex as a binder 

4.1 Introduction  

Tape casting is a process for the preparation of thin sheets of ceramics from powder 

suspensions containing a suitable binder and a plasticizer. The process is used for the 

preparation of ceramic substrates for integrated circuits, electrodes & electrolytes for solid 

oxide fuel cells, layered capacitors and sensors, and fabrication of complex shape monolithic 

and composite structural ceramic components through a multilayer fabrication route (R.E. 

Mistler.,1990; A.Roosen.,2001; K. P. Plucknett et al.,1994). Generally, the non-aqueous 

solvent systems such as toluene, MEK-ethanol, and trichloroethane-ethanol mixtures are 

employed for the preparation of tape casting slurries using polyvinyl butyral and poly(methyl 

methacrylate) as binders and phthalic esters and polyethylene glycol as plasticizers(R. 

Moreno.,1992; R.E. Mistler.,2000; A. Kristoffersson et al.,1998). Aqueous tape casting using 

water-soluble polymers  [poly(vinyl alcohol) and cellulose ethers] and acrylic latex emulsions 

as binders along with plasticizers such as polyethylene glycol and glycerol have been widely 

investigated (A. Kristoffersson et al.,1998). Long drying time, drying-related cracks, and 

reactivity with some ceramic powders are the demerits of water-based tape casting systems (P. 

Nahass et al.,1990). The non-aqueous systems are preferred to aqueous tape casting systems 

by the industry for continuous production, despite the hazardous nature of non-aqueous 

solvents, due to the fast drying of organic solvents and smooth and crack-free green tapes. 

However, for achieving complete environmental friendliness and sustainability, there is a 

renewed interest in aqueous tape casting research using naturally renewable materials instead 

of synthetically prepared polymers as binders (W. W. Wolny et al.,2004). Natural renewable 

molecules such as gelatin and pectin as binders, glycerol, and linseed oil as plasticizers, and 

lignosulfonate as a dispersant have been studied for aqueous tape casting of ceramic powders 



120 
 

(F. Snijkers et al.,2004; J. Marie et al., 2017). However, detailed mechanical characterization 

of the green tape is not reported to understand the effectiveness of the used binders. In this 

chapter, we discuss the aqueous tape casting of alumina using concentrated NRL as a binder. 

The advantage of the system is that it does not require an additional plasticizer as the natural 

rubber is elastomeric. Moreover, the concentrated NRL binder system enables the preparation 

of tape casting slurries of high solid concentration which lead to faster drying of the cast tape. 

4.2 Experimental  

4.2.1 Materials 

The A16SG -alumina powder of average particle size 0.34 m and specific surface 

area 10.3 m2/g was procured from ACC Alcoa, Kolkata, India. The concentrated NRL 

stabilized with ammonia was obtained from Hindustan Latex Ltd, Thiruvananthapuram, India. 

Analytical grades nitric acid, hydrochloric acid, and sodium hydroxide were procured from 

Merck, India. A 40 wt.% aqueous ammonium poly(acrylate) solution (Darvan 121 A, 

Vanderbilt Company Inc., Norwalk, CA) was used as the dispersant. A silicon-free defoaming 

agent (Antifoam O-30) was procured from Sigma Aldrich, USA. Distilled water was used for 

the preparation of alumina powder suspensions.  

4.2.2 Preparation of green and sintered alumina tapes  

The flow chart of the tape casting process is shown in Fig.4.1. A 58.2 vol.% slurry was 

prepared by ball milling the alumina powder, water, and the dispersant taken in a cylindrical 

polyethylene container for 12 hours using zirconia balls of 10 mm size. The concentration of 

ammonium poly(acrylate) was 0.5 wt.% of the alumina powder. The alumina powder to 

zirconia ball weight ratio was 1: 3. The alumina slurry thus obtained was transferred to a 

borosilicate glass beaker. The calculated quantity of the concentrated NRL and the defoaming 

agent were added. The slurry was then mixed thoroughly using a magnetic stirrer for 30 
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minutes. Green alumina tapes of nearly 500 µm thickness were prepared by casting the slurry 

on silicon-coated Mylar films using a tape casting machine (Keko equipment, Zuzemberk, 

Slovenia) and a double doctor blade. The casting speed was 20 cm/min. The drying of the cast 

tape was performed by blowing hot air. The temperature of the drying chamber was 70°C. 

Rectangular samples of 50 mm length and 40 mm breadth prepared by cutting the green tape 

using a sharp blade were placed in between two glass plates and annealed at 200 °C for 2 h. 

The annealed green tapes were heated in an electrically heated sintering furnace for binder-

removal and sintering. The heating rate was 1°C/min up to 600℃ and 2°C/min from 600 to 

1600°C. A holding time of 2 h was given at 1600°C.  

 

Fig.4.1 The flow chart of the tape casting process using NRL binder 
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4.3 Characterization 

4.3.1 Rheological properties of tape casting slurries 

The viscosity at various shear rates of the tape casting slurries was measured with a 

Brookfield viscometer (Brookfield Engineering Inc., Middleboro, MA) using a small sample 

adapter and a cylindrical spindle (SC21). The yield stress of the slurries was calculated from 

the shear rate and shear stress data using the Casson model.  

4.3.2 Drying kinetics of green tapes 

The drying kinetics of the slurry tape cast on a Mylar sheet is studied at room 

temperature and 70℃ by monitoring the weight loss at regular intervals of time. An electronic 

weighing balance of readability 0.1 mg was used for measuring the weight losses. 

4.3.3 Thermogravimetric analysis  

TGA of the dried and annealed green tape was carried out using a thermogravimetric 

analyzer (Q-50, TA Instruments, USA) in an air atmosphere at a heating rate of 5 °C/min. 

4.3.4 Tensile strength measurement  

The tensile stress-strain measurement of the green tapes was performed using a 

universal testing machine (Instron 5500, Instron USA). Dumbbell specimens (ASTM D412) 

prepared from the green tapes were used for the stress-strain measurement. The loading rate 

was 10 mm/min. The stress corresponding to yield point in the stress-strain graph was taken as 

the tensile strength and the slope of the initial linear region was taken as Young’s modulus. 

The tensile strength and modulus reported were an average of a minimum of six measurements.   
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4.3.5 Dynamic mechanical analysis 

The dynamic mechanical analysis of the green alumina tape was performed using a 

dynamic mechanical analyzer (DMA 800, Perkin Elmer, USA). The analysis was conducted in 

dual cantilever mode from -100 to +200°C at a heating rate of 2°C/min using rectangular 

samples of 50 mm in length and 10 mm in size. 

4.3.6 Roll pressing of the green tape 

The green tapes were passed through the rollers of a Hot roll pressing machine (Gelon 

group, Shandong, China) to reduce the thickness and enhance the particle packing. The roll 

pressing was performed at room temperature.   

4.3.7 Measurement of sintering shrinkage  

The sintering shrinkage was calculated from the dimension of the tape before and after 

sintering. Green tapes of 5 cm x 5 cm size were used for the sintering shrinkage studies. The 

dimensions were measured using a Vernier caliper.  

4.3.8 Green and sintered density measurement  

The green density was calculated from the weight and volume of green tapes of size 5 

cm x 5 cm. The length, width, and thickness for the calculation of volume were measured using 

a Vernier caliper. The density of the sintered tape was measured using Archimedes' principle. 

4.3.9 Microstructure analysis  

The microstructure of fractured surfaces of binder removed green tapes and sintered 

alumina tapes was observed using a scanning electron microscope (FESEM, Carl Zeiss Gemini 

500 field emission microscope, Germany). The samples were sputter coated with gold before 

the SEM analysis. The grain size of the sintered alumina tape was measured from the SEM 

microstructure by the linear intercept method.  
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4.4 Results and Discussion 

4.4.1 Preparation of tape casting slurries 

The tape casting formulations prepared by mixing the concentrated alumina slurry and 

concentrated NRL show a pH in the range of 10.3 to 10.5. At this, pH ranges the ammonium 

poly(acrylate) dispersed alumina and rubber latex particles possess high negative zeta 

potentials of -66 to -76 mV, respectively. This enables the easy mixing of the concentrated 

alumina dispersion with the concentrated NRL to form stable slurries for tape casting. The 

compositions of tape casting slurry formulations prepared by mixing the concentrated alumina 

slurry and rubber latex are given in Table 4.1. The rubber content used is in the range of 14.2 

to 18.1 wt. % of the alumina powder. The alumina powder to rubber weight ratio is within the 

range of alumina powder to organic content (binder+ plasticizer) used in most of the reported 

tape casting formulations (P. Boch et al., 1986; T. Chartier et al., 1993). Tape casting slurry 

with a high solid-to-solvent ratio is desirable for faster drying to form a crack-free green tape.  

Table 4.1. Composition of tape casting slurry formulations  

Formulations Alumina 

(g) 

Water 

(ml) 

Dispersant 

(g) 

Rubber 

latex * 

(g) 

Antifoaming 

agent 

(g) 

Solid 

loading 

(vol.%) 

A 100 18 0.35 27 (16.63) 0.20 60.57 

B 100 18 0.35 30 (18.48) 0.20 60.69 

C 100 18 0.35 33 (20.32) 0.20 60.78 

D 100 18 0.35 36 (22.17) 0.20 60.88 

  *Values given in parenthesis are the weight of the rubber  

The aqueous tape casting slurry formulations prepared using synthetic and natural binders show 

relatively low total solid content (J. Marie et al.,2017; S. Nayak et al., 2011). This may be due 
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to the low solubility and high viscosity of the polymeric binders in water. On the other hand, 

emulsion-based binders produce tape casting slurry with a high solid content since aqueous 

emulsion binders have relatively high solid content and low viscosity. Doreau et al achieved a 

maximum solid (ceramic powder + binder) loading of nearly 55 vol.% in aqueous alumina tape 

casting slurry prepared using an acrylic emulsion binder (F. Doreau et al., 1998). It is worth 

noting that the total solid content, the sum of alumina powder and rubber, in all the studied 

slurry formulations is higher than 60 vol.%. This is higher than that of most of the reported 

aqueous tape casting slurry formulations. The density of natural rubber is taken as 0.93 g/cm3 

for the calculation of solid content. 

 In the conventional preparation of tape casting slurry, ball milling is continued after the 

addition of binder and plasticizer to ceramic powder suspension to dissolve the polymeric 

binder and to achieve a homogeneous mixing of the ingredients. However, in the present case, 

an attempt to ball mill the slurry after the addition of concentrated rubber latex results in the 

formation of lumps of rubber. This is due to the mechanically induced aggregation of rubber 

particles in the alumina slurry medium. That is, the latex particles coming in between the 

colliding grinding balls stick to each other due to the mechanical force of the collision to form 

larger particles. These particles grow to the size of large lumps with continued ball milling. A 

photograph of a lump of rubber produced in the alumina tape casting slurry during ball milling 

is shown in Fig.4.2. On the other hand, mixing by stirring using a magnetic stirrer does not 

produce any such lump.  Further, the slurry easily achieves homogeneity by stirring with a 

magnetic stirrer as the rubber latex and alumina slurry are in colloidal form with high negative 

particle surface charges. Therefore, the mixing of alumina slurry with rubber latex is carried 

out by stirring using a magnetic stirrer for 30 minutes.  
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Fig.4.2 Photograph of a lump of rubber formed during ball milling of concentrated 

aqueous alumina powder dispersion and NRL 

4.4.2 Rheological properties of tape casting slurries 

The tape casting requires a slurry with shear thinning flow behavior with relatively high 

yield stress. The plot of viscosity versus the shear rate of the concentrated alumina slurry, 

rubber latex, and tape casting slurries prepared by mixing them are shown in Fig.4.3. The 

concentrated (58.2 vol.%) aqueous alumina slurry shows shear thinning flow behavior with a 

viscosity in the range of 3.05 to 0.48 Pa.s at shear rates in the range of 4.65 to 93 s-1. On the 

other hand, the concentrated rubber latex shows near Newtonian flow behavior with low 

viscosity in the range of 0.05 to 0.045 Pa.s at shear rates in the range of 4.65 to 93 s-1. The tape 

casting slurries prepared by mixing the concentrated alumina slurry and rubber latex show 

shear thinning flow behavior with viscosities in between that of the alumina slurry and rubber 

latex. The tape casting slurries containing 14.2 to 18.1 wt.% (with respect to alumina) natural 

rubber show a viscosity in the range of 1.1 to 1.15 Pa.s at a shear rate of 4.65s-1. The slurry 

viscosity decreases to the range of 0.18 to 0.21 Pa.s when the shear rate increases to 93s-1. The 

tape casting slurries obey the Casson flow model. That is, a plot of the square root of shear 
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stress versus the square root of shear rate gives a linear graph as shown in Fig.4.4. The yield 

stress of the slurries calculated from the Casson plots are in the range of 3.29 to 2.97 Pa. The 

observed shear thinning flow behavior and viscosity and yield stress ranges of the slurries are 

suitable for tape casting.  
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Fig.4.3 Viscosity at various shear rates of tape casting slurries prepared at various 

rubber concentrations 
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Fig.4.4 The Casson plot of tape casting slurries. 
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4.4.3 Stability of tape casting slurries during aging 

The long-term stability of the tape casting slurry formulations is studied by measuring 

their viscosity with time at a shear rate of 9.3 s-1. The viscosity of the tape casting slurries 

slowly increases with time. The variation of viscosity with the time of a tape casting slurry 

formulation (formulation B) is shown in Fig.4.5. The viscosity of the slurry increases from 

0.675 to 1.5 Pa.s when the aging time increases from 0 to 9 h. The alumina slurry and 

concentrated rubber latex do not show any change in viscosity during aging.   
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Fig.4.5 Viscosity variation with time of tape casting slurry formulation B (rubber 

concentration-15.6 wt.% of alumina)   

A similar increase in viscosity with time was reported by Pagnoux et al in tape casting slurries 

prepared using acrylic emulsion binders and 4,5-dihydroxy-1,3-benzene sulfonic acid 

disodium salt as a dispersant (C. Pagnoux et al.,1998). The explanation offered was the 

aggregation of acrylic emulsion particles induced by some of the cations such as Na+ slowly 

released from impurities present in the A16SG alumina powder. A similar explanation is valid 

in the present case also as the tape casting slurry is prepared from a similar alumina powder 
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and rubber latex particles have a similar surface charge. Alternatively, the increase in viscosity 

of the tape casting slurry may be due to the slow aggregation between latex particles and 

alumina particles caused by polymer bridging through the ammonium poly(acrylate) chains 

adsorbed on the alumina particle surface. To counter this aggregation phenomenon, the tape 

casting slurries prepared by mixing the alumina slurry and concentrated rubber latex are cast 

within 30 minutes. The viscosity increase observed within 30 minutes is from 0.675 to 0.725 

Pa.s.  

4.4.4 Drying kinetics  

The major hurdle to continuous tape casting with aqueous slurries is their long drying 

time (P. Nahass et al.,1990). The drying behavior at room temperature (~ 30℃) and at 70℃ of 

the slurry formulation B tape cast on the Mylar substrate is shown in Fig.4.6. At room 

temperature, a slow and near-steady water loss is observed up to 300 minutes at which nearly 

90% of the water present in the slurry is removed. The tape can be easily peeled off from the 

substrate at this stage. On the other hand, a much faster drying rate is achieved at 70℃. Nearly 

97% of the water is removed in 15 minutes. The relatively low drying time is due to the high 

solid content (> 60 vol.%) of the tape casting slurries. No crack is observed on the tape during 

drying. The green tape peeled off from the substrate shows a smooth surface and adequate 

flexibility. A photograph of green tape exhibiting its flexibility and smooth surface is shown in 

Fig.4.7.  
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Fig.4.6 Drying behavior of slurry formulation B tape cast on Mylar substrate 

 

Fig.4.7 Photograph showing the flexibility of alumina green tape prepared at a rubber 

concentration of 15.6 wt.%. 

4.4.5 Green strength  

The strength of green tapes is measured in the tensile mode using dumbbell-shaped 

specimens shown in Fig.4.8. The tensile stress-strain graph of green tapes prepared at various 
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rubber concentrations is shown in Fig.4.9. The tensile stress of the green tapes shows an initial 

rapid and linear increase with strain up to a yield point. The yield point is observed at a strain 

value of 1.5 % for green tape prepared at a rubber concentration of 14.2 wt.%. For all other 

compositions, the yield point is observed at a strain value of 2.5 to 3%. After the yield point, 

the tensile stress very slowly increases with an increase in strain and reaches a maximum. All 

the samples break immediately after reaching the stress maximum. The slow increase of stress 

with an increase of strain after the yield point is due to strain hardening caused by the uncoiling 

and alignment of rubber chains at higher tensile stress (stress-induced crystallization of rubber). 

The stress corresponding to the yield point is taken as the tensile strength of the samples. The 

tensile strength of the green tape marginally increases from 1.81 to 1.85 MPa when the rubber 

concentration increases from 14.2 to 15.6 wt.%. Further, increase in rubber concentration to 

18.1 wt.% decreases the tensile strength to 1.62 MPa. The highest tensile strength observed at 

a rubber concentration of 15.6 wt.% indicates the better reinforcement of the rubber matrix by 

the alumina particles. On the other hand, Young’s modulus rapidly decreases from 267.5 to 

79.3 MPa when the rubber concentration increases from 14.2 to 15.6 wt.%. Further increase in 

rubber concentration to 18.1 wt.% slowly decreases the Young’s’ modulus to 50.8 MPa. The 

effect of rubber concentration on tensile strength and Young’s modulus of green tapes is shown 

in Fig.4.10. 
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Fig.4.8 The dumbbell-shaped tensile specimens 
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Fig.4.9 The tensile stress-strain graph of alumina green tapes prepared at various 

rubber concentrations  
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Fig.4.10 Effect of rubber concentration on the tensile strength and Young’s modulus 

of alumina green tapes 

 The alumina green tapes should have sufficient flexibility to be peeled off from the 

substrate after drying. The percentage strain at the failure point is a measure of the flexibility 

of the green tape. The strain at the failure point increases from 41 to 193% when the rubber 

concentration increases from 14.2 to 15.6 wt.%.  Further increase in rubber concentration to 

18.1 wt.% slowly increases the strain at the failure to 254%. That is, the flexibility of the green 

tape increases with an increase in rubber concentration. The strain at the failure point is plotted 

as a function of rubber concentration in Fig.4.11. Conventionally, plasticizers such as phthalic 

esters, polyethylene glycol, glycerol, etc. are added to the tape casting slurries to make the used 

binders such as poly(vinyl butyral), poly (methyl methacrylate) and polyvinyl alcohol flexible. 

In the present case, natural rubber is an intrinsically flexible polymer at room temperature (Tg 

~ -70℃). Therefore, the green alumina tapes achieve enough flexibility without the use of any 

additional plasticizing agent. The strain at the failure point observed for the green tape prepared 

at a rubber concentration of 14.2 wt.% is sufficient for peeling off the cast tape from the 

substrate without any failure. However, the green tape prepared at a rubber concentration of 
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15.6 wt.% exhibits slightly higher tensile strength and very high flexibility. Therefore, the 

green tape prepared at a rubber concentration of 15.6 wt.% is used for further sintering studies.   
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Fig.4.11 Effect of rubber concentration on the strain at failure of alumina green tape   

4.4.6 TGA and DMA  

The TGA graph of the green tape is shown in Fig.4.12. The burn-out of rubber from 

the green tape starts at a temperature of ~ 200℃.  The weight loss slowly increases with an 

increase in temperature and the complete removal of rubber from the green tape takes place at 

a temperature of ~ 490℃. A slow and steady burnout of rubber from the green tape is observed. 

This type of burnout characteristic is considered beneficial for binder removal without creating 

cracks in the green tape. It has been observed that the flexible green tape turned into a rigid one 

when annealed at 200℃ for 1 hour even though the TGA shows negligible weight loss before 

200℃. This may be due to the self-cross-linking of rubber chains in the green tape through the 

double bonds. The neat natural rubber obtained by drying the concentrated rubber latex did not 

form a rigid mass when annealed at 200℃.  This indicates that the alumina powder catalyzes 

the self-cross-linking of natural rubber in the green tape.  
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Fig.4.12 TGA of green alumina tape prepared from slurry formulation C (16.9 wt.% 

rubber) 

The Lewis acid sites on the alumina particle surface may induce the self-cross-linking of 

natural rubber by a cationic mechanism. The cross-linking of polymers is evidenced by the 

DMA study. Generally, in the rubbery region, the storage modulus increases in the event of a 

cross-linking reaction (K. P. Menard et al., 2002). The modulus of both the green alumina tape 

and neat natural rubber sample decreases with an increase in temperature and a rapid decrease 

is observed at a temperature corresponding to the glassy to rubbery transition (glass transition 

temperature, Tg). The tanshows a peakcorresponding to the Tg. The rubber in the alumina 

green tape shows a Tg of -51℃. On the other hand, the neat natural rubber sample shows a Tg 

of -46.7℃. After the Tg, the modulus of neat natural rubber remains constant up to 175oC 

indicating the absence of any cross-linking reaction. However, the modulus of green alumina 

tape shows a slow increase in the temperature range of 50 to 150oC and the test abruptly stops 

at a temperature of nearly 175℃ due to the breaking of the specimen. The debris obtained after 

the DMA test are highly brittle. The increase in modulus observed in the temperature range of 



136 
 

50 to 150oC is due to the self-cross-linking of rubber in the green alumina sample. The DMA 

graph of alumina green tape and neat natural rubber sample is shown in Fig.4.13.   
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Fig.4.13 The DMA graph of (a) alumina green tape and (b) natural rubber sample  

The self-cross-linking of rubber in the green tape is further evidenced by the TGA of the green 

tape annealed at 200℃ (Fig.4.12). The rubber in the annealed green tape sample decomposes 

at temperatures ~ 75℃ higher than that present in the unannealed sample. It is well known that 

cross-linking increases the thermal stability of polymers (G. F. Levchik et al.,1999; N. Reddy 

et al.,2010). A lower weight loss observed in the annealed green tape sample may be due to the 

removal of proteins, carbohydrates, and lipid components associated with the natural rubber 

during the annealing at 200℃ (A. Subramaniam.,1995).        

 The conversion of flexible tape into a rigid one by cross-linking of rubber has some 

advantages. The slight curling of green tape may be occurring at the edges during heating for 

binder removal. This can be avoided by annealing the green tapes at 200℃ by keeping them 

between two glass plates. A photograph of green tapes annealed at 200℃ is shown in Fig.4.14. 

It is clear from the figure that the green tape annealed by keeping it between the glass plates 

shows perfect flatness. On the other hand, slight curling at one corner is observed in green tape 

annealed by keeping it on a glass plate. This may be due to the residual stress retained during 

the cutting of the green tape.   
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Fig.4.14 Alumina green tapes annealed at 200 ℃, (a) placed on a glass plate (b) 

placed between two glass plates. 

4.4.7 Effect of roll pressing  

The binder removal from the annealed tape results in green tape with good integrity and 

adequate strength for handling. However, the microstructure of the binder removed tape shows 

a considerable number of pores with a size in the range of 0.5 to 2 m. The SEM photograph 

of the binder removed green tape is shown in Fig.4.15 The particle size analysis of the NRL 

reveals the presence of a significant fraction of rubber particles with a size in the range of 0.5 

to 2 m.  The particle size distribution of rubber latex is given in Chapter 2 as Fig.2.3. The 

pores observed in the green microstructure are due to the removal of these larger rubber 

particles.  
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Fig.4.15 The SEM photograph of a binder removed the green tape. 

To improve the green density and microstructure by avoiding the larger pores, the green 

tape is rolled into a roll pressing machine at room temperature before annealing. Fig.4.16 shows 

the photograph of a green tape being rolled using a roll pressing machine. A remarkable 

improvement in the density and microstructure of the green tape (after binder removal) was 

observed with a decrease in thickness up to 20% by rolling. Further decrease in thickness does 

not make any change in the green microstructure. Fig.4.17 a and b show the microstructure of 

the green tape after thickness reduction by rolling to 10 and 20 %, respectively, of its original 

thickness. It appears that during the rolling, the shear forces cause the larger latex particles and 

aggregates to deform and infuse between the alumina particles to create a green tape with a 

more uniform microstructure.  

 

Fig.4.16 The photograph showing the thickness reduction of a green tape using a roll press 

machine. 
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Fig.4.17 The SEM photograph of (a). binder removed alumina green tape after 

thickness reduction to 10 % and (b). 20%. 

The density of green tape before roll pressing is in the range of 53.14 to 50.25 % T.D 

at rubber concentrations in the range of 14.2 to 18.1wt.%. An exceptional increase in density 

to the range of 65.71 to 58.04 % T. D is observed in green tapes after a 20% thickness reduction 

by the roll pressing. The observed improvement in green density is nearly 15 to 23.65% of the 

original value. The improvement in green density observed at lower rubber concentrations is 

higher than that observed at higher rubber concentrations. Fig.4.18 shows the effect of a roll 

pressing on green density at various rubber concentrations. It appears that the soft natural 
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rubber particles deform and mix with alumina powder up on roll pressing to produce a more 

uniform and compact microstructure.   
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Fig.4.18 Effect of a roll pressing on green density at various rubber concentrations.  

The green tape without roll pressing and with roll pressing did not show any crack or 

warpage during binder removal and sintering. However, the green tape without roll pressing 

achieves a density of only 93 % of the theoretical value on binder removal and sintering at 

1600oC. However, sintered density increases with a thickness reduction of the green tape by 

rolling. The green tape rolled to 10 and 20 % of its original thickness achieve a sintered density 

of 97.5 and 98.5%, respectively, of the theoretical value. Further decrease in thickness does not 

make any change in the sintered density. A photograph of the sintered alumina tape is shown 

in Fig. 4.19. Fig.4.20 shows the SEM micrograph of the sintered alumina produced from green 

tape without roll pressing and roll pressing to 20 % of its original thickness. Residual pores are 

visible in the SEM photograph of the sintered alumina produced from green tape without roll 

pressing. On the other hand, the sintered alumina tape produced from a green tape roll pressed 

to 20% of its original thickness exhibits a dense microstructure. The microstructure of the 

sintered alumina shows fine and uniform grains.  
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Fig.4.19 Photograph of sintered alumina tape. 

 

 

Fig.4.20 The SEM micrograph of the sintered alumina produced from green tape (a). without 

roll pressing and (b). roll pressing to 20 % of its original thickness. 
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The average grain size calculated from the SEM photograph by the linear intercept 

method is 3.2 m. If we consider the tape casting formulation B, 18.48g of rubber produces 

0.055 g of ash in 100g alumina during binder burn-out. That is, the amount of impurity 

incorporated because of natural rubber is only 0.055 wt.% of alumina. The uniform and small 

grain size observed in the microstructure indicate that the impurities produced from the NRL 

binder do not produce any exaggerated grain growth in the alumina ceramics.  

4.5 Conclusions  

NRL is used as a binder for the tape casting of ceramics for the first time. The high negative 

value of zeta potential of -66 and -76 mV exhibited by the ammonium poly(acrylate) dispersed 

alumina powder suspension and NRL, respectively, enables their co-dispersion at pH in the 

range of 10.3 to 10.5 to form the tape casting slurries. The slurries prepared at rubber 

concentrations in the range of 14.2 to 18.1 wt.% of alumina powder show shear thinning flow 

behavior with suitable viscosity (1.1 to 1.15 Pa.s at 4.65 s-1) and yield stress values (2.97 to 

3.27 Pa) for tape casting.  The high solid (alumina + rubber) content in the range of 60.55 to 

60.88 vol.% of the tape casting formulations achieved due to the concentrated rubber latex 

enables the drying of the cast tape within a reasonable time of 15 minutes at 70℃.  The green 

alumina tape with rubber content in the range of 14.2 to 18.1 wt.% exhibited adequate tensile 

strength and elastic modulus in the ranges of 1.62 to 1.85 MPa and 267.5 to 50.8 MPa, 

respectively.  The high flexibility in terms of % elongation at break in the range of 41 to 254 

% achieved without the use of a plasticizing agent enables easy peeling off from the substrate. 

The flexible alumina green tape transforms into a rigid and brittle one during annealing at 

200℃ due to the self-cross-linking of natural rubber induced by Lewis acid sites of alumina 

powder. The cross-linking of the rubber enables a near-steady state of binder removal and 

facilitates the preparation of flat tapes by avoiding the curling of the edges during the binder 

removal. A remarkable improvement in microstructure and density of the green tape is 
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achieved by a 20 % reduction in thickness by roll pressing of the flexible green tapes. The roll-

pressed green tape achieves a sintered density of 98.5% T.D as compared to 93% T.D achieved 

without roll pressing. The sintered alumina tape shows a uniform microstructure with an 

average grain size of 3.2 m indicating that the trace amount of impurities introduced in the 

ceramic from the natural rubber binder does not produce any exaggerated grain growth. The 

process is completely eco-friendly and sustainable as it is not using any synthetic solvent, 

binder, and plasticizer.  
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Chapter 5 

Freeze-gel casting of alumina using natural rubber latex as a gelling agent 

and a binder for dense near-net-shape ceramics 

5.1 Introduction 

Near-net-shape fabrication of ceramic components is increasingly important as it avoids 

energy-intensive machining of sintered ceramics (P. Greil.,1999). Gel casting has emerged as 

one of the relatively faster production methods for near-net-shape ceramic components from 

powder suspensions (J. Yang et al., 2011; R. Gilissen et al.,2000). The gel casting process has 

aqueous and non-aqueous versions (S. Leo et al., 2014). The non-aqueous versions using 

acrylic ester monomers are less attractive due to the costly and environmentally hazardous 

organic solvents (H. Li et al., 2020). The aqueous gel casting system initially developed 

suffered hesitation from the industry due to the neurotoxicity of the acrylamide monomer (A. 

C. Young et al.,1991). Later, aqueous gel casting using several low-toxic organic monomer 

systems has been developed (P. Bednarek et al., 2010; M. Kokabi et al., 2006; M. A. Janney et 

al.,1998; L. Montanaro et al., 2019). Freezing of aqueous powder suspensions in a mold is also 

used for setting them into various shapes. The process is called freeze casting. The shapes 

produced by freeze casting are subsequently freeze-dried and sintered to produce the ceramic 

components. Herein, the space created by the removal of ice crystals from the freeze-cast 

bodies remains as pores in the sintered ceramics (T. Fukasawa et al., 2001; T. Moritz et 

al.,2007). Freeze casting is widely used for the preparation of porous ceramics with a wide 

range of porosity and a variety of pore architecture. The polymers such as gelatin and 

polyethylene glycol are effectively used to engineer the pore architecture in various ceramic 

systems by the gelation-freezing route (M. Fukushima et al.,2016; C.M. Pekor et al.,2008). On 

the other hand, the preparation of dense ceramics by freeze casting is rarely reported. Sofie et 

al achieved dense alumina ceramics by freeze casting aqueous powder suspensions of high 
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solids loading and using antifreeze compounds such as glycerol (S. W. Sofie et al.,2001). The 

advantage of freeze casting is the quick turnaround of the mold during production as setting by 

freezing can be achieved very fast. However, the subsequent freeze-drying is time-consuming 

and requires costly machinery. The setting of powder suspensions by freezing as in freeze 

casting and subsequent drying in ambient conditions would be an attractive alternative. It has 

been reported that rubber latex undergoes coagulation on freezing (A. S. Siti Nuraya et al., 

2019; W. M. Cole et al.,2017). The present chapter explores the gelation of concentrated 

alumina-NRL co-dispersions by freezing in a mold to produce dense near-net-shape ceramic 

components. Herein, the gelation of the aqueous alumina powder suspension is accomplished 

by freezing the suspension cast in a mold followed by thawing in an acetone medium.  

5.2 Experimental  

5.2.1 Materials 

The -alumina powder (A16SG) was procured from ACC Alcoa, Kolkata, India. The 

particle size and surface area of the powder were 0.34 m and 10.3 m2/g, respectively. The 

concentrated (61.6wt.%) ammonia-stabilized NRL was received from Hindustan Latex Ltd., 

Thiruvananthapuram, India. A 40 wt.% ammonium poly(acrylate) [Darvan 821 A] dispersant 

was procured from Vanderbilt Company Inc., Norwalk, CA, USA. Analytical reagent grade 

acetone was obtained from Merck India Ltd. Mumbai. Distilled water was used for the 

preparation of slurries. A silicon-free defoaming agent (Antifoam O-30) was procured from 

Sigma Aldrich, USA. Distilled water was used for the preparation of alumina powder 

suspensions.  

5.2.2 Preparation of alumina ceramics by freeze-gel casting  

An aqueous slurry of 58.2 vol. % solid loading was prepared by dispersing the alumina 

powder in distilled water using the ammonium poly(acrylate) dispersant. The ammonium poly 
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(acrylate) used was 0.5 wt.% of the alumina powder. The slurry in a polypropylene bottle along 

with zirconia grinding media was tumbled on a roller ball mill for 12 hours. The slurry after 

the ball milling was poured into a borosilicate glass beaker. The concentrated NRL and the 

defoaming agent were then added to the alumina slurry and then thoroughly mixed by stirring 

using a magnetic stirrer for 30 minutes. The concentration of rubber was in the range of 2 to 

10 wt.% of the alumina powder. The concentration of defoaming agent was 0.2 wt.% of the 

alumina powder. The slurry after thorough mixing was cast in cylindrical PVC mold and then 

cooled in a deep freezer at -55oC for setting for 12 h. The frozen bodies removed from the mold 

were aged in acetone for 12 hours. Nearly 300 ml of acetone in a 500 ml glass beaker was used 

for aging a frozen body of 30 mm diameter and 50 mm length. The aged bodies were removed 

from acetone and dried at room temperature for 6 hours and then at 70oC in an air oven. The 

dried bodies were annealed at 200oC for cross-linking of rubber to achieve high green strength. 

Burn-out of rubber from the green bodies was accomplished by heating at a rate of 1oC/minute 

up to 600oC. The binder-removed bodies were sintered at 1550oC in an electrically heated 

furnace for 2 hours. The heating rate was 5oC/minute.  The flowchart of the freeze-gel casting 

using NRL binder is shown in Fig.5.1. 
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Fig.5.1  Flowchart of freeze-gel casting using NR latex binder. 

5.3 Characterization 

5.3.1 Rheological characterization 

Viscosity and yield stress measurement of the slurries was carried out using a 

Brookfield viscometer (Brookfield Engineering Inc., Middleboro, MA) coupled with a small 

sample adapter and a cylindrical spindle (SC 21).  The yield stress of the slurries was obtained 

from the shear rate-shear stress data using the Casson model.  
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5.3.2 Measurement of gel strength and green strength  

The mechanical strength of gelled wet bodies and green bodies was measured using a 

Universal Testing Machine (Instron5500, Instron USA). The strength of wet gelled bodies was 

measured by applying compressive stress on cylindrical samples of 50 mm height and 30 mm 

diameter and noticing the strain at a loading rate of 0.5 mm/minute. The compressive strength 

and Young’s modulus were obtained from the stress-strain graph. The strength of green bodies 

was measured by diametrical compression using cylindrical samples of 15mm length and 30 

mm diameter. The cross-head speed was 0.5mm/minute. The diametrical compressive strength 

was calculated from the breaking load using equation (8) given in Chapter 2. 

5.3.3 Shrinkage measurement 

The drying and sintering shrinkages were calculated from the diameter and height of 

samples measured using a Vernier caliper of readability 0.01mm. 

5.3.4 Green and sintered density measurements  

The green density was measured from the weight and the dimensions of cylindrical 

bodies. The dimensions were measured using a Vernier caliper. The sintered density was 

measured using Archimedes' principle. 

5.3.5 Thermogravimetric analysis  

The thermogravimetric analysis (TGA) of the gel-cast green ceramic sample was 

conducted in an air atmosphere using a thermo-gravimetric analyzer (Q-50, TA Instruments, 

USA). The heating rate was 5℃/minute.  

5.3.6 Microstructure analysis  

The microstructure of the green and sintered ceramics was observed on fractured surfaces 

using a scanning electron microscope (FE-SEM, Carl Zeiss Sigma HD, Germany). The samples 
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were sputter-coated with gold before the SEM analysis. The average grain size was calculated 

from the SEM images using the linear intercept method.  

5.4 Results and discussion 

5.4.1  Preparation of freeze-gel casting slurry  

The alumina-NRL co-dispersions prepared by mixing 58.2 vol.% alumina slurry and 

concentrated NRL shows pH in the range of 9.6 to 9.9. At this pH range alumina and NRL, 

particles have very high negative surface potentials leading to well-dispersed stable co-

dispersions. The composition of slurries prepared at various NRL concentrations is given in 

Table 5.1. The concentration of alumina with respect to total water present in the slurry 

decreases from 56.58 to 50.7 vol.% when the rubber concentration increases from 2 to 10 wt.% 

alumina. On the other hand, the total solid (alumina+rubber) content in the slurry increases 

from 58.62 to 59.76 vol.%.  

Table 5.1 The composition of the freeze gel casting slurries 

Concentration 
of natural 
rubber, wt.% 

Alumina 
(gm) 

Water 
(ml) 

Dispersant 
  

(wt.%) 

NRL 
(gm) 

Total 
solid 

loading 
(vol.%) 

Conc. of 
alumina 

with 
respect to 

water 
(vol.%) 

0 100 18 0.40 0 58.20 58.20 

2 100 18 0.40 3.32 (2.04)* 58.62 56.58 

4 100 18 0.40    6.77 (4.16) 58.97 54.95 

6 100 18 0.40 10.37 (6.38) 59.25 53.31 

8 100 18 0.40 14.14 (8.69) 59.51 51.72 

10 100 18 0.40    18.06 (11.11) 59.76 50.17 

*Values given in the parenthesis are the mass of the natural rubber 
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5.4.2 Rheological properties of freeze-gel casting slurries 

The viscosity of the co-dispersions containing various concentrations of NRL is shown 

in Fig.5.2. The viscosities of 58.2 vol.% alumina slurry and the concentrated NRL measured 

at a shear rate of 9.3 s-1 are 2.18 and 0.05 Pa. s, respectively. The co-dispersions show shear-

thinning flow behavior. The viscosity of 58.2 vol.% alumina powder suspension decreases with 

the incorporation of concentrated NRL. The co-dispersions prepared at rubber concentrations 

in the range of 2 to 10 wt.% of alumina powder show viscosity in the range of 1.2 to 0.6 Pa.s 

at a shear rate of 9.3 s-1. The flow behavior of the slurries follows the Casson model. That is, 

the plot of the square root of shear rate versus the square root of shear stress gives a straight 

line. Fig.5.3 depicts the Casson plot of all the freeze-gel casting slurries prepared at various 

rubber concentrations. The yield stress of the slurries obtained by extrapolating the straight line 

to zero shear rates is presented in Table 5.2.  The 58.2 vol.% alumina slurry shows a high yield 

stress value of 11.83 Pa. The yield stress value decreases to 3.10 Pa when the rubber 

concentration increases to 10 wt.% of alumina. The observed viscosity and yield stress ranges 

of the slurries are sufficiently low to flow and fill any intricate shape mold and therefore 

suitable for gel casting.  
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Fig.5.2 Viscosity versus shear rate plot of alumina, NR latex, and alumina-NR latex co-

dispersions. 
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Fig.5.3 The Casson plot of freeze gel casting slurries. 

                        Table 5.2 The Yield stress values from the Casson flow model 

Rubber concentration 

 (wt.% of alumina) 

   0 2 4 6 8 10 

Yield stress, Pa 11.83 6.97 5.02 4.04 3.46 3.10 
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5.4.3 Shape stability of the gels 

The concentrated aqueous alumina powder suspensions containing NRL cast in 

cylindrical PVC molds undergo setting while cooling in a deep freezer. The frozen bodies 

removed from the mold when exposed to room temperature (~30oC) show different shape 

stability depending on the rubber concentration. The body prepared without rubber latex starts 

to deform in 30 minutes due to the melting of ice. On the other hand, the stability of the frozen 

bodies against deformation during thawing increases with the rubber concentration. The frozen 

body prepared at 8 wt.% rubber concentration shows only minor deformation after 1 hour when 

placed horizontally without any disturbance. However, the body is highly soft and flexible and 

collapses while handling. The photograph of cylindrical freeze-gel cast wet alumina bodies 

prepared at various concentrations of NRL immediately after mold removal, after 30 minutes, 

and after 1 hour is shown in Fig.5.4. 

 

Fig.5.4 The photograph of cylindrical freeze-gel cast wet alumina bodies containing various 

concentrations of rubber latex immediately after mold removal, after 30 minutes and 1 hour. 



154 
 

Even though the cylindrical frozen body of 30 mm diameter and 50 mm length prepared 

at 8 wt.% rubber concentration exhibits reasonable shape stability when placed in the horizontal 

position, collapses by sagging after 30 minutes when placed in the vertical position. This 

indicates that the gel strength after the melting of ice is not sufficient to resist deformation due 

to its weight. On the other hand, the frozen body removed from the mold when immersed in 

water-miscible solvents like acetone and ethanol exhibits shape stability in the vertical position 

also. When immersed in the solvent (acetone or ethanol), the water produced by the melting of 

ice in the body is exchanged with the solvent. The alumina and rubber in contact with the 

solvent further coagulate and strengthen the alumina-rubber gel network leading to improved 

gel strength. Fig.5.5 shows photographs of freeze-cast cylindrical wet alumina bodies aged in 

a vertical position in the air and acetone. The body kept in the air atmosphere starts deformation 

in 30 minutes due to its weight whereas the body aged in an acetone medium remains stable. 

Therefore, the frozen bodies removed from the mold are aged for 12 hours in acetone for 

solvent exchange and thereby achieve higher gel strength. It appears that when the frozen body 

is immersed in acetone the alumina-rubber gel network on the surface of the body gets 

strengthened first due to coagulation in contact with the acetone. The melting of ice in the 

frozen body also starts from the surface. That is, the melting of ice and strengthening of the 

alumina-rubber gel network progresses from surface to interior with the progress of aging time. 

This enables the body to resist the deformation due to its weight during the melting of ice. It is 

worth noting that frozen bodies produced at rubber concentrations up to 6 wt.% of alumina 

undergo crack and then disintegrate when immersed in acetone for solvent exchange. This 

further confirms that the percolation of rubber latex particles to produce a stable alumina-

rubber gel network is possible at a minimum concentration of 8 wt.%.    
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Fig.5.5  Photograph showing freeze-cast cylindrical wet alumina bodies aged in the vertical 

position in acetone (A) and in air (B). (a) at the start of aging and b) after 30 minutes. 

5.4.4 Mechanism of gel formation 

It is well known that the rubber particles in latex are stabilized in an aqueous medium 

due to the protein layer on their surface (Y. Wei et al.,2017; J. Sansatsadeekul et al.,2011; 

C.C.Ho et al.,1996). It has been reported that the freezing of rubber latex results in the 

aggregation of particles leading to coagulation (A. S. Siti nuraya et al.,2019; E. G. 
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Cockbain.,1969). Herein, the particle rejection due to the ice crystallization compels the rubber 

particles to come closer. This disrupts the protein cloud around the rubber particle. The rubber 

particles with broken protein clouds coalesce leading to the formation of lumps.  Therefore, 

freezing and thawing are widely used instead of coagulation using acid for the separation of 

solid rubber from latex (W. M. Cole et al.,2017). During the freezing of alumina powder 

suspension containing NRL, particle rejection due to the ice crystal growth compresses the 

alumina and rubber particles together. This disrupts the protein layer on the latex particles 

leading to their adhesion on alumina particles and neighboring rubber particles. This alumina-

to-rubber and rubber-to-rubber adhesion provides stability against deformation even after the 

melting of ice. It can be inferred that the percolation of rubber particles to achieve shape 

stability by holding the water produced by melting ice is attained at a minimum rubber 

concentration of 8 wt.%. The mechanism of stable gel formation by freezing and thawing of 

the alumina-NRL co-dispersion is schematically represented in Fig.5.6. The rubber 

concentration higher than 8 wt.% is not attempted for gel casting as water present in the rubber 

latex dilutes the slurry. At 8 wt.% NR, the alumina concentration in the slurry with respect to 

the water reaches 51.72 vol.%.  It is well known that slurries of high ceramic powder loading 

are desirable for gel casting to minimize drying and sintering shrinkages (A.C.Young et 

al.,1991). In addition, a higher binder concentration is also detrimental as it tends to create 

pores in the sintered ceramics.   

 

Fig.5.6 Schematic showing the mechanism of formation of alumina-rubber gel. 
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5.4.5 Gel strength 

The solvent-exchanged wet bodies achieve sufficient strength for handling during 

drying. The stress-strain graph of a solvent-exchanged wet gel cast body is shown in Fig.5.The 

stress-strain graph shows an initial linear increase of stress with strain followed by a strain 

hardening. Bulging of the gel with a vertical crack on the surface is observed at strain beyond 

10%. The photograph of the wet gel before and after the compression test is given as an insert 

in Fig.5.7. The stress at 10% strain is taken as the compressive strength, and the slope of the 

initial linear region is taken as Young's modulus. The solvent exchanged wet gel shows a 

compressive strength of ~60 kPa and Young’s modulus of 640 kPa. The strength of wet alumina 

gel cast bodies prepared using agarose binder (~ 98 kPa at 3 wt.% agarose) is higher than that 

of alumina wet gels produced at 8 wt.% NR (T. Zhang et al., 1994; A. J. Fanelli et al., 1989). 

On the other hand, the strength of the wet gel cast alumina bodies reported with 8 wt.% gelatine 

binder (⁓60 kPa) is matching well with the strength of wet alumina gels produced in the present 

study with the NRL binder (Y. Chen et al.,1999). The observed compressive strength is 

sufficient for easy handling of the gel before drying.  
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Fig.5.7 Stress-strain plot of solvent exchanged wet alumina gel. 
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5.4.6 Drying kinetics 

The drying of conventional gel cast bodies is accomplished under controlled humidity 

and temperature conditions to avoid the formation of cracks and warpage (A.C.Young et 

al.,1991). On the other hand, solvent removal from freeze-cast bodies is done by sublimation 

in a lyophilizer (T.Fukasawa et al.,2001; Y. Zhang et al.,2010). In both cases, drying requires 

costly machinery and takes a relatively long time. In the present case, the solvent exchanged 

wet gels dries quickly in an air atmosphere at room temperature. The weight loss from a 

solvent-exchanged wet gel body with time is presented in Fig.5.8. Nearly 75% of the solvent 

present in the body is removed within 6 hours at room temperature. The removal of the 

remaining solvent is accomplished by heating in an air oven at 70℃. This indicates that water 

present in the gelled body is not completely exchanged with acetone. Nearly 25% of water is 

likely to retain even after aging in acetone for 12 hours. However, replacing the spent acetone 

with a fresh one at the end of 12 hours and continuing the aging for another 12 hours results in 

the exchange of ~97% water. Nevertheless, the removal of 97% of acetone is not warranted as 

the sample aged in acetone for 12 hours does not develop any crack or deformation during the 

subsequent drying. Herein, the high volatility of the acetone made the drying faster and its low 

surface tension allows drying without creating much capillary pressure (S. J. Yoon et al.,2001). 

It is worth noting that the solvent exchange not only improve the gel strength but also made 

the gel drying easier and faster. The body undergoes a diametrical shrinkage of ~1.5% during 

the drying. The green body shows a density of 2.02g/cc. This is equivalent to 50.82%T.D of 

alumina.  
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Fig.5.8  The drying kinetics of a solvent exchanged wet alumina gel body. 

5.4.7 Green strength  

The green body produced by drying the solvent-exchanged gel has sufficient strength 

for minor finishing using an emery paper.  The strength of the dried green body is measured 

by a diametrical compression test. The diametrical compressive load-displacement plot of the 

green body is shown in Fig.5.9. The load increases slowly with displacement until a vertical 

crack is developed at the center of the body. The corresponding load is taken as the breaking 

load. Further, there is a small decline in load followed by strain hardening. That is, the body 

exhibited almost plastic-like behavior. The diametrical compressive strength calculated from 

the breaking load is 0.34 MPa. It has been reported in the previous chapters that the rubber 

latex in the presence of alumina powder undergoes self-cross-linking when heated at a 

temperature of ~200℃. The Lewis acid sites on the alumina particle surface catalyze the self-

cross-linking through the carbon-carbon double bonds present in natural rubber by a cationic 

mechanism. The green gel cast bodies on annealing at 200℃ in an air oven for 2 hours show 

higher strength and brittle behavior due to the self-cross-linking of the rubber binder. The 
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diametrical compressive load-displacement graph of the green body annealed at 200℃ shows 

a rapid and linear increase in load with displacement and reaches a maximum at a displacement 

of ~0.25 mm. Thereafter, the body undergoes brittle failure by breaking along the diameter. 

The diametrical compressive strength of the annealed body is calculated as 2.14 MPa. The 

Young’s modulus of the green body increases from 18 to 150 MPa due to annealing at 200℃. 

The photograph of dried and annealed green bodies after the compression test showing their 

mode of failure is given in Fig.5.10. 
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Fig.5.9 Diametrical compressive load-displacement graph of the green body dried at 70℃ and 

annealed at 200℃.   

 

Fig.5.10 The photograph of annealed (a) and dried (b) bodies after the compressive strength 

test showing their mode of fracture. 
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5.4.8 Green microstructure 

The low magnification SEM image of the gel-cast green body does not show any pores 

evidencing ice crystal growth during freezing. On the other hand, it is interesting to note that 

the green body produced by direct freeze-drying of the frozen bodies in a lyophilizer shows 

lamellar-type pores due to the ice crystals produced during freezing. The low-magnification 

SEM images of green bodies obtained by solvent exchange followed by conventional drying 

and direct freeze-drying are shown in Fig.5.11a and Fig.5.11b, respectively. This indicates that 

ice crystals are growing during the freezing of the slurry even though the total solid (alumina 

+ rubber) concentration is nearly 60 vol.%. It appears that the water produced during the 

melting of ice crystals is reabsorbed in the alumina-rubber gel network. This makes the gelled 

body almost like a semi-fluid as evidenced by its deformation when vertically placed at room 

temperature. That is, during aging in acetone, the frozen body passes through a semi-fluid state. 

That is, the transformation of the strong frozen body to a gel of reasonable strength takes place 

through an intermediate semi-fluid state. This transformation takes place layer-by-layer from 

the surface to the interior of the body. This layer-by-layer transformation saves the frozen body 

from collapse during aging in acetone even though there is an intermediate weak semi-fluid 

state.  It appears that this semi-fluid nature allows the soft gel to flow and reorganize to fill the 

space created by the melting of the ice crystals. That is, during thawing in acetone the soft 

semi-fluid like alumina-NR gel produced flows and fills the pores created by the melting of ice 

crystals before achieving strength by further coagulation. This transformation produces a 

uniform gel without the lamellar-type pores and facilitates the preparation of dense ceramics 

from the frozen bodies. This is further evidenced by the microstructure of the green body 

obtained by solvent exchange followed by conventional drying of the frozen body. The green 

body shows a homogenous compact microstructure with uniform distribution of alumina and 
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rubber particles, unlike the one with lamellar pores observed for samples prepared by freeze-

drying the frozen bodies.  

 

Fig.5.11 Low magnification SEM image of the fractured surface of the green body produced 

by solvent exchange followed by ambient drying (a) and direct freeze-drying (b) of freeze-gel 

cast bodies. 

5.4.9 Binder removal   

The TGA graph of annealed alumina gel cast green body is shown in Fig.5.12. The 

thermal degradation of cross-linked rubber from the green alumina sample starts at 210℃. The 

cross-linked rubber binder in the gel-cast body undergoes decomposition in two steps as 
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evidenced by the DTG graph. The decomposition proceeds with near steady-state kinetics and 

completes at ~525℃. The slow and steady decomposition of the polymeric binder is 

advantageous in binder removal without creating any cracks in the green body (R. V. Shende 

et al., 2002). The gel cast alumina bodies did not show any crack or deformation during binder 

removal by heating at a rate of 1℃/minute up to 700℃ in a muffle furnace. The binder-

removed body shows enough strength for further handling before sintering.  
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Fig.5.12 TGA-DTG graph of the annealed green body containing 8 wt. % rubber. 

5.4.10 Sintering 

The binder removed bodies on sintering at 1550℃ achieve ~96% of theoretical density. 

The linear and diametrical shrinkages observed during sintering are 15 and 16 %, respectively. 

The low and high-magnification SEM images of fractured surfaces of sintered alumina 

ceramics prepared by freeze-gel casting are shown in Fig.5.13a & b, respectively. It is further 

confirmed from the low magnification image that the lamellar-type pores noticed in the case of 

the freeze-dried samples due to ice crystal growth are completely absent in the samples 

produced by acetone exchange and air drying of the frozen bodies. The high magnification 
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image shows a dense microstructure with fine grain size. The mean grain size calculated from 

the SEM image by the linear intercept method is 1.3m. 

 

 

Fig.5.13 Low (a) and high (b) magnification SEM images of the fractured surfaces of sintered 

alumina ceramic prepared by freeze-gel casting. 

5.4.11 Near-net shaping capability 

The preparation of complex near-net-shape ceramic components of defect-free 

microstructures is very important (M. H. Bocanegra-Bernal et al.,2009). Here, like the 

conventional aqueous gel casting using organic monomers, freeze-gel casting using NRL can 

produce complex shapes by freezing the slurry in molds made of metals, plastic, and wax. The 
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complex shapes produced are very strong in the frozen condition to resist any deformation 

during mold removal. A photograph of green and sintered alumina spur gear fabricated by the 

freeze-gel casting in a wax mold is shown in Fig.5.14. The thin section (teeth of the gear wheel) 

did not show any deformation during the acetone exchange and subsequent air drying. 

Moreover, the green and sintered bodies show a good surface finish. Unlike organic monomer-

based gel casting systems, freeze-gel casting using NRL is sustainable, environmentally 

benign, and non-toxic. 

 

Fig.5.14 Photograph of an alumina spur gear fabricated by freeze-gel casting in a wax mold. 

a) green and b) sintered bodies. 

5.5 Conclusions  

Gel casting of aqueous alumina powder suspensions using NRL as a gelling agent and binder 

has been studied. Gelation of alumina-NRL co-dispersions is achieved by the coagulation of 

the latex particles by freezing the slurry in a mold and subsequently thawing in an acetone 

medium. During freezing, particle rejection due to the growing ice crystals compresses the 

alumina and rubber latex particle together leading to the breaking down of the surface 

protective protein and lipid layer of the rubber latex particles resulting in coagulation. The 

water produced by the melting of ice crystals reabsorbs in the alumina-rubber gel network 

resulting in a soft, and pliable gel. The minimum concentration of rubber required to percolate 
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and form a stable alumina-rubber gel is 8 % by weight of the alumina powder. The aging of 

the frozen body in acetone strengthens the alumina-rubber gel network by further coagulation 

due to solvent exchange results in strong wet gels. The compressive strength (60kPa) and 

modulus (640 kPa) of the wet gel are sufficient for further handling during drying. The frozen 

body passes through a semi-fluid state during thawing which enables the gel to flow and fill 

the space created by the melting of ice crystals leading to dense ceramics. The acetone 

exchange enables faster drying of the gel cast bodies at room temperature without creating any 

deformation or crack. The diametrical compressive strength of the dried green body is 0.34 

MPa. A remarkable increase in the diametrical compressive strength of the green body from 

0.34 to 2.14 MPa (6.3 times higher) and modulus from 18 to 150 MPa, is achieved on annealing 

at 200℃ due to cross-linking of rubber chains. The cross-linking benefits the binder removal 

enabling a slow and steady burnout as evidenced by the TGA. The green bodies on debinding 

and sintering at 1550℃ produce alumina ceramics of uniform microstructure with ~96% T.D 

and 1.3 µm average grain size. The non-toxic and sustainable gel casting system produces 

complex near-net-shape alumina ceramics.  
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Chapter 6 

Freeze gel casting of aqueous alumina powder suspensions using natural 

rubber latex as a binder and pore stabilizer for macroporous ceramics 

6.1 Introduction  

Macroporous ceramic materials find application in the area of high-temperature thermal 

insulation, catalyst support, molten metal filtration, and bio-implants (I. Nettleship.,1996; E. 

C. Hammel et al.,2014). Fugitive particle templating, polymer foam replication, foaming and 

setting of powder suspensions, and freeze casting are used for the preparation of macroporous 

ceramics from ceramic powders (T. Ohji et al., 2012; S. Deville.,2008). Among them, freeze 

casting is a simple and cost-effective method that produces tailored porosity and pore structure 

by appropriately selecting a solvent medium, the volume fraction of ceramic in the slurry, the 

direction of freezing, and using some additives such as alcohol, glycerol, gelatin, and 

polyethylene glycol (D.Zhang et al.,2012; S.Deville.,2008). Water, naphthalene, naphthalene-

camphor mixture, camphene, tertiary butyl alcohol, tertiary butyl alcohol-water mixture, 

cyclohexane, and tertiary butyl alcohol-cyclohexane mixture are studied as a dispersion 

medium for freeze casting of ceramics. Among them, ice templating using water as a medium 

is the most attractive one due to the wide availability, low cost, and environmentally friendly 

nature of water. However, the removal of ice crystals from the frozen ceramic powder 

suspensions by freeze drying requires a lyophilizer. It works at a low temperature and high 

vacuum, typically below the triple point of water. This would hurdle the scale-up of the ice-

templating process to produce macroporous ceramics. Therefore, the removal of ice crystals 

from the frozen body using methods other than freeze drying without pore collapse is of utmost 

importance. The present chapter explores the freeze-casting of aqueous alumina powder-NRL 

co-dispersions at higher rubber concentrations to produce macroporous ceramics without a 

freeze-drying step. The large concentration of rubber prevents the formation of a semi-fluid 
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state during the thawing of frozen powder suspensions and thereby stabilizes the pores created 

by the melting of ice crystals.  

6.2 Experimental  

6.2.1 Materials 

The -alumina (A16SG) powder of average particle size 0.34 mm and specific surface 

area 10.3 m2/g was procured from ACC Alcoa, Kolkata, India. Concentrated NRL of 61.5 wt.% 

solid content was obtained from Hindustan latex, Thiruvananthapuram India. Ammonium 

poly(acrylate) aqueous solution (40 wt.%) procured from Vanderbilt, USA was used as the 

dispersing agent. Analytical reagent grade acetone was procured from Merck India Ltd. 

Mumbai. Distilled water was used for the preparation of powder dispersions.  

6.2.2 Preparation of macroporous alumina ceramics  

A 58.2 vol.% alumina slurry was prepared by dispersing the alumina powder in water 

using the ammonium poly(acrylate) dispersant and tumbling in a cylindrical polyethylene 

bottle along with zirconia balls of 10 mm size on a roller ball mill for 12 hours. The 

concentration of dispersant was 0.5 wt.% of the alumina. The alumina powder to zirconia ball 

weight ratio was 1:3.The slurry poured into a beaker was mixed with an adequate quantity of 

concentrated NRL and additional water to adjust the alumina concentration in the slurry. The 

slurry was stirred for 30 minutes using a magnetic stirrer for homogeneous mixing. The 

alumina volume percentage expressed throughout this chapter is with respect to the water 

present in the slurry and the rubber concentration is in weight percentage with respect to the 

alumina powder. The composition of slurries used for freeze-casting for the preparation of 

macroporous alumina ceramics is given in Table 6.1. The prepared slurry was cast in open 

cylindrical molds of 30 mm inner diameter and 30 mm height fabricated by fixing PVC tubes 

on a glass plate using an adhesive. The slurries cast in the mold were kept in a deep freezer at 
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-58℃ for freezing of water. The frozen bodies were removed from the mold and thawed in an 

acetone medium. The bodies were aged in acetone for 48 hours for the exchange of water with 

acetone. The acetone-exchanged bodies were dried in air at room temperature for 10 hours and 

then in an air oven at 70℃. The dried bodies were heated in an air atmosphere sintering furnace 

at 1550℃ for binder removal and sintering. The heating rate was 1oC/minute from room 

temperature to 500℃ and then 3℃/minutes up to 1550℃. The samples were held for 2 hours 

each at 200, 500, and 1550℃.  

Table 6.1 The composition of slurries used for freeze-casting for the preparation of 

macroporous alumina ceramics. 

Alumina 

(gm) 

Dispersant 

(wt.%) 

Water 

(ml) 

NRL 

(gm) 

Concentration of 

alumina to water 

(vol.%) 

100 0.40 18 40.65 (25.00)* 42.75 

100 0.40 28 40.65 (25.00) 36.53 

100 0.40 38 40.65 (25.00) 31.89 

100 0.40 48 40.65 (25.00) 28.30 

100 0.40 58 40.65 (25.00) 25.44 

100 0.40 68 40.65 (25.00) 23.10 

100 0.40 58.63 18.07 (11.11) 30 

100 0.40 58.63 28.69 (17.65) 30 

100 0.40 58.63 40.65 (25.00) 30 

100 0.40 73.67 69.69 (42.86) 20 

100 0.40 140.66 69.69 (42.86) 15 

100 0.40 199.29 69.69 (42.86) 10 

*The mass of natural rubber given in brackets. 
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6.3 Characterization 

6.3.1 Diametrical shrinkage 

The diametrical shrinkages during drying and sintering were determined from the 

respective change in diameter measured using a Vernier caliper. The reported diametrical 

shrinkages are the average of measurements taken on six samples. 

6.3.2 Porosity 

The porosity of the sintered bodies was calculated from their densities using the following 

formula. The density of sintered ceramics was calculated from their weight and volume. The 

volume of the cylindrical bodies was determined from their height and diameter measured 

using a Vernier caliper. The reported porosity is the average of measurements taken on six 

samples. 

Porosity = (1 −
ρୠ

ρ୲ୢ
)100 

Where 𝜌௕ is the bulk density and 𝜌௧ௗ is the theoretical density (3.98 g/cc). 

6.3.3 Compressive strength measurement  

The compressive strength of the sintered porous alumina samples was measured using 

a Universal testing machine (Instron 5500, Instron, USA) at a cross-head speed of 0.5 

mm/minute. The cylindrical samples of approximately 22 mm diameter and 25 mm height were 

used. 

6.3.4 Microstructure analysis  

The microstructure of the sintered ceramics was observed using a scanning electron 

microscope, FE-SEM, Carl Zeiss Sigma HD, Germany. The sample for SEM analysis was 
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prepared by cutting the cylindrical bodies using a hacksaw blade. The samples were sputter-

coated with gold before the SEM analysis.   

6.4 Results and Discussion  

6.4.1 Shape stability 

When the frozen bodies prepared from dilute alumina slurries containing NRL of 

concentrations higher than 8 wt.% is immersed in acetone at room temperature, the ice crystals 

melt and the liquid water produced retains within the pores. The soft gel thus produced initially 

has poor strength, especially at lower alumina and rubber concentrations. Therefore, the bodies 

sag due to their weight during thawing. To determine the minimum concentration of rubber 

required to resist the deformation, the frozen bodies produced from 30 vol.% aqueous alumina 

slurries containing 10, 15, and 20 wt.% of natural rubber are subjected to thawing in an acetone 

medium. It has been observed that the shape stability of the frozen bodies during thawing in 

acetone medium improves with rubber concentration and the body prepared at 20 wt.% rubber 

survives without any deformation. On the other hand, the frozen bodies prepared at 10 wt.% 

rubber undergo severe collapse, and the one prepared at 15 wt.% rubber exhibits partial 

collapse. Therefore, a rubber concentration of 20 wt.% is used for the freeze casting of slurries 

of various alumina concentrations. A photograph showing the frozen bodies prepared from 30 

vol.% alumina slurry at 10,15 and 20 wt.% rubber after aging in acetone for 48 hours and drying 

in the air are shown in Fig.6.1.The observed deformation of the body is produced during the 

thawing in acetone medium. 
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Fig.6.1 The photographs of the frozen bodies prepared from 30 vol. % alumina slurry at 

rubber concentrations of a). 10 wt.%,b). 15wt. % and c). 20 wt.%. 

6.4.2 Acetone-exchange and drying kinetics 

During aging in acetone, the water produced by the melting of ice is exchanged with 

acetone. The acetone exchange improves the strength of the gels by strengthening the alumina 

particle-rubber network through further coagulation. The extent of exchange of water in the 

frozen body with acetone also decides the stability of the pores against collapse during drying. 

The frozen body aged in acetone for 24 hours on drying in air at room temperature shows a 

loss of ~ 82.0 wt.% of the total solvent in 8 hours. The remaining 18 wt.% of the solvent 

removed on heating at 70℃ is mostly water. On the other hand, if the spent acetone is 

replenished and aging is continued for another 24 hours, 96.5 wt.% of the total solvent could 

be removed by drying in air at room temperature for 8 hours. That is, the residual water present 

in the body after the second time acetone exchange is only 3.5 wt.%. The residual water in the 

acetone exchanged body has a remarkable influence on the drying kinetics and pore stability 

as evidenced by their drying shrinkage and appearance of the surface after drying. A rapid 

removal of solvent from the two-time acetone-exchanged body is observed against a relatively 

slow removal of solvent from the one-time acetone-exchanged body. The drying kinetics of 

bodies after one-time and two-time acetone exchange is shown in Fig.6.2.The slow removal of 
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solvent from the one-time acetone exchanged body is due to the presence of a large quantity of 

residual water. That is, the acetone-water mixture with a higher concentration of water exhibits 

lower vapor pressure. The one-time acetone-exchanged body undergoes a higher diametrical 

drying shrinkage of 10.5% compared to 5.6% exhibited by the two-times acetone-exchanged 

body. Moreover, a wrinkled surface appearance, an indication of pore collapse is observed on 

a one-time acetone-exchanged body in comparison with the smooth surface of a two-time 

acetone-exchanged body. The higher shrinkage of the one-time acetone exchanged body is 

attributed to the shrinkage of pores due to the higher surface tension of the 18 wt.% residual 

water present. A photograph of one-time and two-times acetone exchanged bodies after drying 

is given in Fig.6.3. It is worth noting that the time for the exchange of water in the thawed 

frozen body with acetone could be considerably reduced by using a Soxhlet extraction unit. 

Nearly 97% of water could be removed from the thawed frozen body in 24 hours by continuous 

extraction with acetone using the Soxhlet extraction unit.    
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Fig.6.2 The drying kinetics of one-time and two-times acetone exchanged bodies. 
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Fig.6.3 The photograph of a). one-time and, b) two-times acetone exchanged body after air 

drying. 

6.4.3 Drying shrinkage 

It is well known that the frozen powder suspensions do not show any appreciable 

shrinkage during freeze-drying. Unlike in freeze drying, the acetone exchanged frozen bodies 

undergo considerable shrinkage during further drying. The drying shrinkage depends on the 

alumina slurry concentration. The effect of alumina slurry concentration on the drying 

shrinkage of the acetone exchanged bodies is shown in Fig.6.4. 
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Fig.6.4 The diametrical drying shrinkage of acetone exchanged bodies as a function of 

alumina slurry loading. 
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The acetone exchanged bodies prepared at 42.74 vol.% alumina slurry shows a diametrical 

shrinkage of 2.1% during drying. The diametrical drying shrinkage slowly increases to 8.3% 

when the alumina slurry concentration decreases to 25.44 vol.%. The observed drying 

shrinkage is a result of the shrinkage of pores due to the surface tension effect of the acetone 

and the small amount of residual water present. Uniform shrinkage with the smooth surface of 

the dried body observed in this alumina slurry concentration range indicates the absence of 

pore collapse during drying. However, the further decrease of alumina slurry concentration to 

23.10 vol.% results in large and non-uniform shrinkage with a highly wrinkled surface due to 

the pore collapse. It appears that at lower alumina slurry concentrations, the pore walls have 

insufficient strength to resist collapse due to their lower thickness. This is evidenced by the fact 

that further strengthening of pore walls by increasing the rubber concentration to 30 wt.% again 

results in uniform drying shrinkage and smooth surface of the dried bodies at lower alumina 

slurry concentrations of 20 and 15 vol.%. The diametrical drying shrinkage observed at 20 and 

15 vol.% alumina slurry concentrations is 9.8 and 10.32 %, respectively. However, a further 

decrease of alumina slurry concentration to 10 vol.% again results in a large and non-uniform 

shrinkage and a highly wrinkled surface of the dried body. A photograph of the dried bodies 

prepared at 25.44 and 23.10 vol.% alumina slurries at 20 wt.% rubber concentration and at15 

and 10 vol.% alumina slurries at 30 wt.% rubber concentration are shown in Fig.6.5.The non-

uniform shrinkage with the wrinkled surface due to pore collapse is visible in dried bodies 

prepared at 23.10 vol.% alumina slurry with 20 wt.% rubber and 10 vol.% alumina slurry with 

30 wt.% rubber. 
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Fig.6.5 The photographs of bodies prepared by acetone exchange and air drying of frozen 

slurries of various alumina and rubber concentrations (a) 25.44 vol.% alumina & 20 wt.% 

rubber; (b) 23.10 vol.% alumina & 20 wt.% rubber; (c) 15 vol.% alumina & 30 wt.% rubber 

and (d) 10 vol.% alumina & 30 wt.% rubber. 

6.4.4 Binder removal  

The TGA graph of the dried alumina green sample is shown in Fig.6.6. The TGA shows 

a near-steady state weight loss from 200 to 480℃. That is, the rubber binder undergoes 

complete burn-out before 500℃. Natural rubber burnout takes place in two stages. The first 

stage in the temperature range of 200 to 370 ℃ involves nearly 78 % of the total mass loss due 

to the decomposition of natural rubber to isoprene, dipentene, and small amounts of p-

menthene (S.Straus et al.,1956; N.Ahmad et al., 2018). The second stage at temperatures in the 

range of 390 - 480 °C is due to the burn-out of the carbon-rich residues produced in the first 

stage. The rubber binder presents in large quantities (20 & 30 wt.% of alumina) expected to 

collapse the pores if melts during the heat treatment for binder removal. However, our previous 

chapters indicate cross-linking of rubber in alumina green bodies through the double bonds 

present in the isoprene unit at 200℃ due to the Lewis acid character of alumina. That is, the 

rubber in the porous green bodies undergoes cross-linking when held for two hours at 200℃ 

during the heat treatment. This cross-linking prevents the melting of rubber and the collapse of 

pores during subsequent heat treatment. The burn-out of rubber leaves finer pores in the 

alumina-green body. That is, the binder-removed body contains pores created by the removal 
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of ice crystals and finer pores generated by the burnout of the rubber binder. These pores shrink 

and even some of the finer pores produced due to the rubber binder vanish during the 

subsequent sintering.  
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Fig.6.6 The TGA of the porous alumina green sample prepared at a rubber concentration of 

20 wt. %. 

6.4.5 Sintering shrinkage 

The porous ceramics obtained by sintering the binder-removed bodies do not show any 

crack or deformation, however, show uniform shrinkage. The effect of alumina slurry 

concentration on the diametrical sintering shrinkage of porous alumina green bodies prepared 

by acetone exchange followed by air drying is shown in Fig.6.7. Unlike the drying shrinkage, 

sintering shrinkage decreases with a decrease in alumina slurry concentration. The diametrical 

sintering shrinkage decreases from 18.54 to 15.8% when the alumina slurry concentration 

decreases from 42.74 to 25.44 vol.%. The porous bodies prepared at 20 and 15 vol.% alumina 

slurry concentrations with 30 wt.% rubber exhibit a higher sintering shrinkage of 21 and 20.9 

%, respectively. Although the sintering shrinkage follows a decreasing trend with a decrease 
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in alumina slurry concentration, the total shrinkage (shrinkage from the frozen body to sintered 

ceramics) exhibits an opposite trend. The porous green alumina bodies prepared by freeze-

drying the frozen slurries for comparison show more or less similar diametrical shrinkage 

during sintering. The sintering shrinkage of freeze-dried samples decreases from 17.4 to 16.6 

when the alumina slurry concentration decreases from 42.74 to 25.44 vol.%. The freeze-dried 

bodies prepared from slurries of 20 and 15 vol.% alumina concentration exhibit a sintering 

shrinkage of 19.98 and 22.8%, respectively.   
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Fig.6.7The sintering shrinkage of solvent exchanged and freeze-dried bodies vs. alumina 

slurry concentration. 

6.4.6 Porosity 

The properties and application of macroporous ceramics mainly depend on porosity, 

size, and shape of the pores, and the pore size distribution which are depending on the 

processing technique used for their preparation (D.M.Liu et al.,1997; R.W.Rice.,1993). Here, 

the effect of alumina slurry concentration on the porosity of the ceramics prepared by acetone 

exchange followed by air drying is presented in Fig.6.8. The porosity increases from 44.4 to 
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59.4% when the alumina slurry concentration decreases from 42.74 to 25.44 vol.% at a rubber 

concentration of 20 wt.%. The slurries at alumina concentrations of 20 and 15 vol.% prepared 

at a rubber concentration of 30 wt.% produce ceramics with 62.64 and 71.12 % porosity, 

respectively. The ceramics prepared by freeze-drying of the frozen bodies followed by sintering 

exhibit porosity in the range of 51.74 to 79.91% at the same alumina slurry concentrations in 

the range of 42.74 to 15 vol.%. That is, the porosity obtained by acetone exchange followed by 

air drying and sintering is lower by nearly 10- 15% compared to that prepared by freeze-drying 

and sintering. The observed lower porosity is due to the shrinkage that occurred in acetone-

exchanged bodies during air drying.   
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Fig.6.8 The porosity of sintered ceramics as a function of alumina slurry concentration 

prepared by freeze-casting followed by acetone exchange and air drying and freeze-drying. 

6.4.7 Microstructure  

The microstructure of the sintered ceramics shows mainly lamellar-type pores due to 

the removal of ice crystals. The lamellar-type pores are randomly oriented. This is due to the 

random growth of ice crystals during the isotropic freezing of the slurry. Pores due to the 
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removal of dendritic ice crystals formed during freezing are also rarely evidenced in the 

microstructure. Fig.6.9 shows a typical low-magnification SEM image of porous ceramic 

showing the random orientation of lamellar pores and dendritic pores. The width of the lamellar 

pores increases whereas the lamellar wall thickness decreases with a decrease in alumina slurry 

concentration. The average lamellar pore width and lamellar wall thickness observed in 

ceramics prepared from 42.74 vol.% slurries are 26.95 and 65 m, respectively. The 

corresponding values in ceramics prepared from a 15 vol.% slurry are 47 and 31µm, 

respectively. The porous alumina ceramics prepared by freeze casting followed by freeze-

drying and sintering exhibited a similar pore structure. However, the width of the lamellar pores 

observed in ceramics obtained by acetone exchange followed by drying and sintering is smaller 

than that present in the corresponding freeze-dried samples. The average width of lamellar 

pores in freeze-dried samples is in the range of 28 to 109 m at an alumina slurry concentration 

in the range of 42.74 to 15 vol.%. This is due to the shrinkage of pores during drying in the 

case of acetone exchange followed by air drying. The SEM images of porous ceramics prepared 

by acetone exchange followed by air drying in comparison to the corresponding freeze-dried 

samples showing their similar pore structure are given in Fig.6.10. In addition to the lamellar 

pores, the lamellar walls show finer pores in the size range of 0.70 to 1.0 m. These finer pores 

are due to the burnout of natural rubber which is used in relatively large quantities to stabilize 

the lamellar pores during thawing, acetone exchange, and drying. The lamellar pores created 

by ice templates are connected through the finer pores on the lamellar walls produced by the 

rubber binder. A high-magnification image showing the finer pores created by the rubber 

binder is shown in Fig.6.11. The average grain size calculated from the high-magnification 

SEM image of the lamellar wall is 0.8 µm.   
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Fig.6.9The low magnification SEM images showing a). randomly oriented lamellar pores and 

b). dendritic pores. 

 

Fig.6.10 SEM photomicrographs showing similar pore structure of porous alumina ceramics 

prepared by freeze-drying and acetone exchange followed by air drying at various alumina 

slurry concentrations, a).42.74 vol.% freeze-dried, a1).42.74 vol.% acetone-exchanged, b) 

25.44 vol.% freeze-dried, b1) 25.44 vol.% acetone-exchanged, c).15 vol.% freeze-dried,c1) 

15 vol.% acetone-exchanged. 
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Fig.6.11The SEM image showing the finer pores in the lamellar wall due to the removal of 

the rubber binder. 

6.4.8 Compressive strength  

The compressive stress-strain graph of the porous alumina ceramics is shown in 

Fig.6.12. The stress-strain graphs are similar to the typical plots observed for the brittle porous 

solids (I.Sabree et al.,2015; B.S.M.Seeber et al.,2013). The graphs show a linear increase of 

stress with strain until a maximum followed by a gradual decline of stress. In most cases, stress-

maximum is exhibited at 2% strain. The slope of the initial linear region is taken as Young’s 

modulus and the stress maximum in the stress-strain graph is considered as the compressive 

strength. The compressive strength of the porous ceramics increases slowly from 3.84 to 

6.71MPa when the alumina slurry concentration increases from 15 to 31.89 vol.%. Further 

increase in alumina slurry concentration to 42.74 vol.% rapidly increases the compressive 

strength to 35.26 MPa. Young’s modulus also follows the same trend. That is, Young’s 

modulus increases slowly from 306.2 to 760.29 MPa when slurry concentration increases from 

15 to 31.89 vol.% and then rapidly to 1486.5 MPa when slurry concentration further increases 

to 42.74 vol.%. At the lower alumina solid loading of 15 to 31.89 vol.%, after the yield point, 
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a constant long plateau region is noticed in the stress-strain graph. At higher solid loadings of 

36.53 and 42.74 vol.%, the plateau region in the stress-strain graph is reduced. Instead, the 

samples show a more brittle fracture and a sudden drop in the stress value thereafter. The 

compressive strength and Young’s modulus of the porous alumina ceramics as a function of 

alumina slurry concentration are presented in Fig.6.13. The increase in compressive strength 

and Young’s modulus with an increase in alumina slurry concentration is due to the decrease 

in the porosity of the ceramics. The compressive strength of porous ceramics prepared by 

freeze-casting depends on pore morphology and alignment of pores. The ceramics with uni-

directionally aligned pores obtained by directional freezing of slurries show much higher 

compressive strength compared to the ones with random orientation of pores produced by the 

isotropic freezing (B.H.Yoon et al., 2008; N. Zhang et al.,2022). Moreover, ceramics with 

prismatic pores are reported to have higher compressive strength compared to those with 

lamellar pores at the same porosity (M. Q. Sun et al.,2019). Muto et al reported a compressive 

strength of ~ 3.5 MPa at a porosity of ~75% in alumina ceramics prepared by isotropic freezing 

(D. Muto et al., 2020). Y.F. Tang et al achieved a high compressive strength in the range of 20 

to 80 MPa at porosity in the range of 25 to 57 vol.% in alumina ceramics prepared by 

unidirectional freezing of powder suspensions (Y. Tang et al., 2014). Zhang et al achieved a 

high compressive strength in the range of ~95 to 225 MPa in alumina ceramics of porosity in 

the range of ~ 63 to 46 vol.% by directional freezing of aqueous alumina powder suspensions 

containing glycerol (Y. Zhang et al., 2010). The relatively lower compressive strength observed 

in the present study is due to the combination of two factors. One is the random orientation of 

lamellar pores due to the isotropic freezing and another is the presence of micro-pores in the 

lamellar walls due to the removal of natural rubber binder.   



184 
 

0 2 4 6 8 10 12 14 16
0

5

10

15

20

25

30

35
 42.74 vol.% Al2O3,20 % NR

 36.53 vol.% Al2O3,20 % NR

 31.89 vol.% Al2O3,20 % NR

 28.30 vol.% Al2O3,20 % NR

 25.43 vol.% Al2O3,20 % NR

 20 vol.% Al2O3,30 % NR

 15 vol.% Al2O3,30 % NR

C
o

m
p

re
s

si
ve

 S
tr

es
s

 (
M

P
a

)

Compressive strain (%)

 

Fig.6.12 The compressive stress-strain plot of porous alumina ceramics prepared from 

slurries of various alumina loading. 
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Fig.6.13 The compressive stress and elastic modulus of porous alumina ceramics as a 

function of alumina slurry concentration. 
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6.5 Conclusions 

Freeze-casting followed by thawing in acetone medium, air drying, and sintering has been 

demonstrated for the preparation of macroporous alumina ceramics from alumina-NRL co-

dispersions containing large concentrations of NRL. The NRL-alumina particle network in 

frozen slurries achieved sufficient strength in acetone medium that resist pore collapse during 

thawing, acetone exchange, and subsequent air drying at rubber concentrations in the range of 

20 to 30 wt.% of alumina. A rubber concentration of 20 wt.% stabilizes the pores in gels 

prepared at alumina slurry concentrations up to 25.44 vol.% whereas 30 wt.% rubber is required 

to prevent pore collapse in gels prepared up to an alumina slurry concentration of 15 vol.%.  

Repeating the acetone exchange for a second time removes ~ 96.5 % of the total water present 

in the gel which results in fast drying, low drying shrinkage, and a smooth green body surface. 

The diametrical shrinkage varies from 2.1 to 10.32 % when the alumina concentration varies 

from 42.74 to 15 vol.%. The cross-linking of rubber chains by annealing at 200 ℃ prevents the 

melting of rubber and thereby avoids pores collapse during binder removal. The frozen slurries 

of alumina concentration in the range of 42.74 to 15 vol.% produced ceramics of porosity in 

the range of 44.5 to 71.12% by acetone exchange followed by air drying and sintering which 

is lower by nearly 10-15 % of that obtained by freeze-drying. The ceramics produced from the 

frozen alumina slurries by acetone exchange followed by air drying exhibited the same lamellar 

pore structure as the one produced by freeze-drying. The lamellar pore width in ceramic 

obtained by acetone exchange followed by drying and sintering is lower by nearly 42.65 % 

than that obtained by freeze-drying due to the pore shrinkage in acetone-exchanged bodies 

during air drying. The lamellar pores produced by ice templating are connected through the 

submicron pores created on the lamellar pore walls by the removal of the rubber latex binder. 

The porous ceramics showed compressive strength and Young’s modulus in the ranges of 3.8 
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to 35.3 MPa and 306.2 to 1486.5, respectively, at alumina slurry concentrations in the range of 

15 to 42.74 vol.%.  
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Chapter 7 

7.1 Summary and Conclusions 

Complex-shaped ceramic components have been increasingly used for various applications 

in aerospace, defense, nuclear, and medical fields. The manufacture of these ceramic 

components is carried out from the respective ceramic powders using advanced processing 

techniques such as powder pressing, slip casting, tape casting, gel casting, injection molding, 

extrusion, and the recently developed additive manufacturing. Various additives such as 

solvents, dispersants, binders, plasticizers, and antifoaming agents are used in ceramic forming 

for imparting specific functions. Most of these additives are petroleum-based synthetically 

produced chemicals that create global emissions and environmental pollution. Additionally, 

the organic solvents employed as a medium in ceramic forming techniques such as tape casting 

are costly, toxic, flammable, have personal hazards and cause environmental pollution. The 

development of eco-friendly processing routes that are safe for the personal as well as the 

environment is highly demanded. This is attained by using water as a solvent medium and 

naturally renewable molecules as processing additives. NRL (NRL) is an aqueous emulsion of 

poly(isoprene) obtained from the bark of Hevea Braziliansis. The NRL stabilized using 

ammonia is commercially available in a highly concentrated form. This thesis investigates 

NRL as a binder in the processing of alumina ceramic by powder pressing, slip casting, tape 

casting, and gel casting.  

Chapter 1 describes the various ceramic forming techniques, additives used in ceramic 

forming, and their functions. A detailed literature review with a focus on binders used in 

various ceramic forming methods is also presented.   

In Chapter 2 the NRL is introduced as a binder in powder pressing of alumina. The metal 

ion impurities in NRL are analyzed as 0.083 wt. % of Ca, 0.019 wt. % of Mg, 0.011 wt. % Zn 
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and 0.017 wt. % of Al with a total ash content of 0.3wt.%. The NRL and the alumina powder 

dispersions using ammonium polyacrylate dispersant show very high zeta potential values of -

58 mV and -57 mV, respectively, at pH in the range of 9.6 to 10 enabling the preparation of 

their co-dispersions at this pH range by simple mixing by magnetic stirring. The co-dispersions 

undergo co-coagulation by shifting the pH towards 4 using a formic acid solution. The average 

particle size of aggregates formed by the coagulation increases from 0.34 to 12.30 µm when 

the NR concentration increases from 0 to 10 wt.%. The precipitation of NR as lumps is 

observed only at an NR concentration ≥ 15 wt.%. The granulated feedstock for powder pressing 

is prepared through co-coagulation of the alumina-NRL co-dispersions using the formic acid 

solution followed by drying and grinding. The flow time and the Hausner ratio measurements 

indicate that the feedstock granules prepared at 6 and 8 wt.% NR concentrations have good 

flow properties. The powder compacts prepared by pressing the granulated feedstock show a 

maximum green density of 67.7 % T.D at a relatively low compaction pressure of 20 MPa due 

to the highly deformable nature of NRL binder with a low glass transition temperature. The 

binding effect of NR is evidenced by the powder compact density that increases from 63.6 to 

67.7 % T.D of alumina at a compaction pressure of 20 MPa when the NR concentration 

increases from 4 to 10 wt.%. The green bodies prepared at 2 wt.% NR concentration exhibit 

severe end-capping due to poor strength. The strength of the pressed bodies increases from 

0.55-1.91 MPa when the NR concentration increases from 4 to 10 wt.% of the alumina powder. 

Green strength shows almost a 2.3 to 6 times increase to the range of 2.30 - 9.39 MPa on 

annealing at 200 oC due to the cross-linking of rubber chains through the carbon-carbon double 

bonds induced by the Lewis acid character of alumina. The annealed green bodies are amenable 

to machining by lathing, milling, and drilling using conventional machines and tools. A near-

steady state burn-out of the NR from the annealed green body is evidenced by the TGA 
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analysis. A linear shrinkage of 18 % is observed during the sintering of binder-removed bodies 

at 1550℃. The sintered ceramics show 97% T.D. with an average grain size of 1.8 µm. 

Chapter 3 establishes NRL as a binder for the slip casting of alumina. The alumina-NRL 

co-dispersions show shear thinning flow behavior. The alumina slip casting slurries of 

concentration in the range of 40 to 55 vol.% prepared using the NRL binder show lower 

viscosity and yield stress compared to 41.1 vol.% aqueous alumina slurry prepared using the 

conventional PVA binder. The yield stress of 50 vol.% alumina slurries shows an increase from 

2.84 to 4.79 Pa when the NRL binder concentration increases from 0 to 8 wt.%. At a fixed 

NRL concentration of 4 wt.%, the yield stress of slurries increases from 0.37 to 9.73 Pa when 

the alumina concentration increases from 40 to 55 vol.%. The 41.1 vol.% aqueous alumina 

slurry containing 2 wt.% PVA binder exhibits a high yield stress of 20.88 Pa. The cast layer 

thickness decreases from 8.5 to 4.2 mm when the NR concentration increases from 0 to 8 wt.% 

due to the gelation of NR at the mold-cast layer interface. The cast layer thickness increases 

from 4.13 to 6.5 mm when the alumina concentration increases from 40 to 55 vol.%. As a 

comparison, in the case of the PVA binder the cast layer thickness achieved is only 2 mm which 

is two times lower than that achieved from a slurry of the same alumina concentration 

containing NRL binder.  The cast layer thickness increases with casting time and a high cast 

layer thickness of 18 mm is achieved within 480 minutes. The density of the green body (53.4 

- 62.4 % T.D.) obtained for NRL-based alumina slip casting slurry is higher than that obtained 

for the green body (52.1 % T.D.) produced from alumina slurry containing the PVA binder. 

The green strength increases from 0.45 - 1MPa when the NR concentration increases from 0 

to 8 wt.%. Almost 6 to 9.68 times increase in green strength to 0.45 - 9.68 MPa is achieved on 

annealing at 200℃ due to the cross-linking of rubber. The annealed slip-cast green bodies 

could be machined by milling and drilling using conventional machines and tools. The TGA 

analysis of samples collected from various parts of the slip-cast body indicated negligible 
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binder migration during consolidation. The slip-casting using the NRL binder could produce 

thin-walled crucibles (wall thickness as low as 1.2 mm). The slip-cast ceramics sintered at 

1550℃ exhibits a homogeneous microstructure with 97 % T.D. and 1.82 µm average grain 

size.  

In Chapter 4, the NRL is studied as a binder in the aqueous tape casting of alumina. The 

tape casting slurries of high total solids loading in the range of 60.57 to 60.88 vol.% could be 

prepared due to the high solid content (61.5 wt.%) of the concentrated NRL. The tape casting 

slurries prepared by mixing concentrated aqueous alumina slurry and the NRL show shear 

thinning flow behavior. The alumina slurries at NR concentrations in the range of 14.2 to 18.1 

wt.% exhibit viscosity in the range of 1.1 to 1.15 Pa.s at a shear rate of 4.65 s-1 and yield stress 

in the range of 3.29 - 2.97 Pa, suitable for tape casting. The high solid (alumina + rubber) 

concentration in the slurry enables the drying of the cast tape within a reasonable time of 15 

minutes at 70 ℃. The tensile strength of green alumina tape prepared at NR content in the 

range of 14.2 to 18.1 wt.% is in the range of 1.62 to 1.85 MPa which is comparable with the 

strength of green tapes obtained with other binders. The corresponding elastic modulus 

observed is in the range of 267.5 to 50.8 MPa.The green tapes show sufficient flexibility 

without using an additional plasticizer as evidenced by the 41 to 254 % elongation at break. 

The flexible green tape turned into a rigid one on annealing at 200 ℃ due to the cross-linking 

of NR chains induced by Lewis acid sites of the alumina powder. The annealing of the green 

tape between two glass plates for cross-linking of the NR enables a near-steady state binder 

removal and facilitates the preparation of flat tapes by avoiding the curling of the edges during 

the binder removal. A remarkable improvement in green density and microstructure is achieved 

by a 20 % reduction in the thickness of the green tape by roll pressing. The roll-pressed green 

tape achieves a sintered density of 98.5% T.D. as compared to 93% T.D. achieved without roll 

pressing. The sintered alumina tape shows a uniform microstructure with an average grain size 
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of 3.2 m indicating that the trace amount of impurities introduced in the ceramic from the 

NRL binder does not produce any exaggerated grain growth. The aqueous tape casting using 

the NRL binder is completely eco-friendly and sustainable as it is not using any synthetic 

solvent, binder, and plasticizer.  

Gel casting of aqueous alumina powder suspensions using NRL as a gelling agent and 

binder is investigated in Chapter 5. The viscosity of 58.2 vol.% aqueous alumina slurry 

prepared using the ammonium poly(acrylate) dispersant measured at a shear rate of 9.3 s-

1decreases from 2.18 Pa.s to 0.6 Pa.s up on the addition of 8 wt.% of NRL. The corresponding 

decrease in yield stress is from 11.83 to 3.10 Pa. Gelation is achieved by freezing the alumina-

NRL co-dispersion in a mold followed by mold removal and thawing in an acetone medium. 

The disruption of the protein layer, responsible for the stability of NRL, by the growing ice 

crystals leads to its coagulation during freezing. The thawing in the acetone medium further 

promotes coagulation and thereby strengthens the alumina particle-rubber network. The shape 

stability of the wet gels increases with an increase in NR concentrations and a stable gel without 

deformation is achieved at a minimum rubber concentration of 8 wt.%. The minimum 

concentration of NR required to percolate and form a stable alumina particle-rubber gel is 8 % 

by weight of the alumina powder. The frozen body passes through a semi-fluid state during 

thawing which enables the gel to flow and fill the space created by the melting of ice crystals. 

The compressive strength and modulus of the wet gel are 60kPa and 640 kPa, respectively, 

which are sufficient for further handling during drying. The acetone exchange enables faster 

drying of the gel cast bodies at room temperature without creating any deformation or crack. 

The diametrical compressive strength and modulus of the dried green body are 0.34 MPa and 

18 MPa, respectively. A remarkable increase in the diametrical compressive strength of the 

green body from 0.34 to 2.14MPa (6.3 times higher) and modulus from 18 to 150 MPa, is 

achieved on annealing at 200℃ due to the cross-linking of rubber chains. The cross-linking 
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benefits the binder removal enabling a slow and steady burn-out as evidenced by the TGA. The 

green bodies on debinding and sintering at 1550℃ produce alumina ceramics of uniform 

microstructure with ~96% T.D and 1.3 µm average grain size. The non-toxic and sustainable 

gel casting system produces complex near-net-shapes.  

In Chapter 6 large concentrations of NR are used as a pore stabilizer to prepare 

macroporous alumina ceramics by freeze casting followed by air drying. The NRL-alumina 

particles network in frozen slurries achieves sufficient strength in acetone medium that resist 

pore collapse during thawing, acetone exchange, and subsequent air drying at NR 

concentrations in the range of 20 to 30 wt. % of alumina. An NR concentration of 20 wt.% 

stabilizes the pores in gels prepared at alumina slurry concentrations in the range of 42.72 - 

25.44 vol.% whereas 30 wt.% NR is required to prevent pore collapse in gels prepared up to 

an alumina slurry concentrations 15 vol.%. Acetone exchange for two times removes ~ 96.5 % 

of the water present in the gels which results in fast drying, low drying shrinkage, and a smooth 

surface of green body. The diametrical shrinkage of gels during drying varies from 2.1 to 10.32 

% when the alumina slurry concentration varies from 42.74 to 15 vol.%. The cross-linking of 

NR chains by annealing at 200 ℃ prevents the melting of NR and thereby avoids pores collapse 

during binder removal. The frozen slurries of alumina concentration in the range of 42.74 to 

15 vol.% produces ceramics of porosity in the range of 44.5 to 71.12% by acetone exchange 

followed by air drying and sintering. The porosity achieved by freeze gel casting followed by 

acetone exchange and air drying is 10 to 15 % lower than that achieved by freeze casting 

followed by freeze-drying at the same alumina slurry concentration due to the shrinkage 

observed during air drying of the acetone exchanged bodies. The porous ceramics obtained 

both by acetone exchange followed by air drying and freeze-drying of the frozen slurries 

exhibits a similar lamellar pore structure. The lamellar pore width in ceramic obtained by 

acetone exchange followed by air drying is lower by ~ 42 % compared to that obtained by 
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freeze-drying due to the pore shrinkage in acetone-exchanged bodies during drying. The 

lamellar pores produced by ice templating are connected through the submicron pores created 

on the lamellar pore walls by the removal of the NRL binder. The porous ceramics show a 

compressive strength and Young’s modulus in the ranges of 3.8 to 35.3 MPa and 306.2 to 

1486.5, respectively, at alumina slurry concentrations in the range of 15 to 42.74 vol.%. The 

process enables the preparation of macroporous ceramics by freeze casting without the use of 

a freeze-drying system. 

7.2  Future scope of the work 

In the present thesis, the NRL stabilized in an alkaline medium is used as a binder, gelling 

agent, and pore stabilizer for the preparation of dense and macroporous alumina ceramics. The 

alumina and rubber particles possess high negative surface potentials and form co-dispersions 

easily. By applying a pulsed electric field, the co-deposition of charged alumina and rubber 

particles can be achieved on a conducting substrate material through electrophoretic deposition. 

Here, the deposited layer thickness can be controlled by the parameters such as current density, 

deposition time, the distance between the electrodes, etc. The deposited alumina-rubber 

composite is expected to be easily peeled off from the substrate after drying due to the flexible 

nature of rubber. We propose to study this as an alternative to aqueous tape casting.  

We have carried out the isotropic freezing of alumina suspensions containing NRL for the 

preparation of macroporous alumina ceramics containing randomly oriented lamellar pores. It 

has been reported that macroporous ceramics with aligned lamellar pore morphology results in 

high compressive strength. It is proposed to study the directional freezing of alumina-NRL co-

dispersions followed by thawing in acetone and air drying to produce macroporous alumina 

ceramics of unidirectionally aligned pores.      
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Chemically, NRL is a cis-1, 4-polyisoprene polymer that contains a high level of 

unsaturation. Many reports are available on the radiation-induced cross-linking of polyisoprene 

polymers. The reported radiation sources are electron beams, microwaves, X-rays, and γ-rays. 

It is suggested to study the effect of the radiation cross-linking of NR in alumina-NRL co-

dispersions to enable their gelation for the preparation of near-net-shape ceramic components 

by additive manufacturing.   

It is also proposed to extend the study to other oxide and non-oxide ceramic systems. The 

preparation of co-dispersions of NRL with the aqueous slurries of other advanced ceramic 

powders, their colloidal stability, gelation characteristics, and the effect of different ceramic 

powders on cross-linking of rubber chains are to be investigated.   
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