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Chapter 1 

 

General Introduction 

 

1.1 Characterization of Nanometer-sized Ceramic Particles 

Oxide and nonoxide particles of 1-100 µm size have been used as raw materials of 

advanced ceramics. The sinterability of ceramic particles increases with decreasing 

particle size. In addition, the smaller particles with a large specific surface area have a 

high catalytic activity. When the particle size is decreased to a nanometer range, volume 

effect appears or a melting point drops drastically. The application of such effects is 

expected for high-performance catalyst, highly functional composite material or 

nonlinear optical material.  

Synthesis methods of nanometer-sized particle are divided roughly into two types. 

One is a break down method1-3, the other is a build-up method. The break down method 

provides the minimum particles of about 0.1µm size. Build-up method gives highly pure 

nanometer-sized particles from atoms, molecules or ions. The build-up method is also 

divided into chemical vapor deposition and liquid phase reaction. The features of 

particles synthesized by the chemical vapor deposition (CVD)4 are that (a) particle size 

distribution is narrow, (b) less flocculated particles and (c) highly pure powder. 

However, the cost is high and productivity is low. The liquid phase method includes 

hydrolysis of alkoxide5, homogeneous precipitation method6, 7 and sol-gel method8-10. 

The features of particles synthesized by this method are that (a) spherical particles are 

synthesized, (b) mixed powders are easily produced, (c) relatively high pure particles 

are produced, (d) the cost is low and productivity is high. 
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1.2 Forming of Ceramics 

   In the production of fired ceramics, forming process of ceramic particles is very 

important. Characteristics of the sintered ceramics depends on the microstructure which 

is influenced by the forming process. Ceramic particles are formed by uniaxial 

pressing11, 12, isostatic pressing13, 14, injection molding15, 16, tape casting17-19, slip 

casting20, 21 and pressure filtration22, 23. Dry forming method such as uniaxial pressing 

and isostatic pressing needs a high pressure and it is difficult to control the green 

microstructure. In addition, the equipment is relatively large. On the other hand, wet 

forming such as a slip casting or pressure filtration does not need the specially 

expensive equipment. The wet process is more excellent in the control of the 

microstructure than the dry forming, and it provides the homogeneous and dense green 

compact. However it takes a long time for forming and drying. The forming time of slip 

casting is shortened by the application of external pressure (pressure filtration). In this 

thesis, pressure filtration was applied to the forming of nanometer-sized particles. 

 

1.3 Established pressure filtration model 

The mechanism of the filtration process has been studied in chemical engineering. 

In this section, we briefly review the mechanism of pressure filtration of dispersed 

particles based on the model structure reported in a paper by Aksay and Schilling24. 

Figure 1.1 shows (a) cross−sectional view of the filtration system and (b) hydraulic 

pressure profiles across the consolidated layer and the mold. The flux of filtrate (Jf) is 

defined by Eq.(1.1), 

⎟
⎠
⎞

⎜
⎝
⎛=

dt
dV

A
1J f

f                                                                

where A is the cross sectional area, dVf is the volume of the filtrate during the time 

(1.1) 
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period of dt. The Vf is related to the height ht (= hc (height of consolidated cake) + hs 

(height of colloidal suspension containing dispersed particle)) by Eq.(1.2), 

t0sc0
f hH)hh(H

A
V

−=+−=                                                   

where H0 is the initial height of ht at t = 0. The Vf is also equal to A hm εm (hm : height of 

filtrate location of the filtrate−air interface in the mold, εm : volume fraction of voids in 

the mold). The above relation leads to Eqs.(1.3) and (1.4),  

dt
dhε

dt
dhn

dt
dh

dt
dV

A
1J m

m
ctf

f =−=−==                                             

cmm nhhε −=                          

where hc is the height of consolidated layer and n is the system parameter (≡ (1−Vi−εc) / 

Vi, Vi : initial volume fraction of colloidal particles dispersed, εc : volume fraction of 

voids in the consolidated layer). 

On the other hand, the linear flux of a fluid through a porous media, in one 

dimensional case, is expressed by Eq. (1.5) (Darcy’s law), 

ccmm
f dh

dP
ηα

1
dh
dP

ηα
1

dx
dP

ηα
1J ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−=  

where η is the viscosity of the filtrate and αm and αc are the specific resistance of 

porous medium and consolidate cake, respectively. From Eqs. (1.4) and (1.5), Eq.(1.6) 

is derived, 

dt
η
P∆dhhαε

t

0

mmh

0
mmmm ∫∫ −=  

where ∆Pm is equal to P0 − Pi (= constant) in Fig.1.1. The integrated form is given by 

Eq.(1.7). 

2
mmmm hαηε

2
1tP∆ =  

A similar relation is derived for the consolidated cake and expressed by Eq.(1.8), 

(1.4)

(1.5)

(1.6)

(1.7)

(1.2)

(1.3)
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2
ccc nhηα

2
1tP∆ −=  

where ∆Pc is equal to Pi − Pt (= constant) in Fig.1.1. Therefore, the total pressure drop 

(Pt − P0) (Eq.(1.9)) is expressed by summarizing Eqs.(1.7) and (1.8) under the condition 

of Eq.(1.4), 

( ) )
ε
αnα(nηh

2
1tP∆tPP

m

m
c

2
ct0t +==−  

Equation (1.9) represents the relation between the height of consolidated layer (hc) and 

filtration time (t) under a constant applied pressure, which is controlled by n, αm and αc 

values. The relations expressed by Eqs.(1.1)−(1.9) were used to analyze the 

consolidation behavior of nanometer−sized powders. 

    Table 1.1 shows the previous works on consolidation of ceramic particles. Sobue et 

al.25 analyzed the dehydration rate of silicon nitride slurry during slip casting process. 

The calculated dehydration rate agreed well to the experimental results when the 

Kozeny constant of 6.2 was used in their proposed model. The relation of ∆Pt t and hc
2 

showed a nonlinear curve. Philipse et al.26 reported the colloidal filtration and 

sedimentation of suspension including alumina particles. The settling of aggregates 

during filtration changes the filtration kinetics in accordance with their model for a 

simultaneous filtration and sedimentation. The relation of ∆Pt t and hc
2 was nonlinear. 

Nieto et al.27 studied the rheological and pressure casting parameters of β-SiC 

suspension and evaluated the influence of applied pressure on the casting rate and 

characteristics of green casts. They observed the linear relation of ∆Pt t and hc
2. 

Hampton et al.28 reported experimental analysis and modeling of slip casting of alumina 

particles. Slip casting experiments demonstrate that the rheology of suspension greatly 

affects the green density and growth rate of the cake. A nonlinear relation of ∆Pt t and 

(1.8) 

(1.9)
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hc
2 was measured. Nienburg et al.29 investigated the preparation of ceramic 

components from fine alumina suspensions via pressure filtration. They reported a 

linear relation of ∆Pt t and hc
2. As presented above, both the linear and nonlinear 

relations of ∆Pt t and hc
2 were reported for submicrometer-sized ceramic particles. 

 

1.4 Purposes 

    In a pressure filtration process, analysis of the relationship of consolidation 

energy−packing density−microstructure is very important. When the relationship is 

clarified, the forming process of colloidal particles using pressure filtration can be 

scientifically controlled. This thesis reports the analysis of consolidation process of 

flocculated and dispersed aqueous suspensions including nanometer-sized particles (24 

nm hydrpxyapatite, 30 nm SiC, 68 nm Yttria-stabilized zirconia (YSZ), 150 nm Al2O3 

and 800 nm SiC) using newly developed pressure filtration apparatus. 

In the analysis of the experiments, we found that the established filtration theory could 

not explain the experimental results. In order to clarify this deviation, a newly 

developed filtration model was constructed for a flocculated suspension. This theory 

was compared with the pressure filtration results of 30 nm SiC particles at a constant 

pressure. 
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Chapter 2 

 

Colloidal Consolidation of Nanometer-sized Ceramic particles 

by Pressure Filtration 

 

2.1  Abstract  

The applied pressure and suspension height during consolidation of an aqueous 

suspension of nanometer-sized particles (24 nm hydroxyapatite, 30 nm SiC, 68 nm 8 

mol% yttria-stabilized zirconia, 150 nm Al2O3 and 800 nm SiC) were continuously 

recorded using a pressure filtration apparatus. The packing density decreased when 

particle size was less than 70 nm. The final packing density of 150 − 800 nm particles at 

19 MPa was strongly influenced by the surface charge. However, surface charge does 

not affect the packing density of particles less than 70 nm. The ratio of the energy 

applied to two particles during consolidation to the interaction energy between two 

particles in a suspension was correlated to the packing density. The low packing density 

of 20 − 30 nm particles was improved by steric stabilization. The estimated thickness of 

the dispersant layer adsorbed on the particle surfaces was less than 1 nm and nearly 

independent of the molecular weight of the dispersants. When the applied pressure was 

released, the height of the consolidated cake increased because of the release of the 

elastic strain stored in the dispersant layer. 

 

2.2  Introduction 

When a ceramic powder is dispersed in water, the particles are charged positively 

or negatively, depending on pH and the isoelectric point of the particles.1 The dispersion 
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characteristics of particles are greatly dominated by the surface potential. The 

interacting potential energies between colloidal particles due to gravity (Eg), buoyancy 

(Eb), van der Waals interactions (Ea) and electric double layer interactions (Er) decrease 

with decreasing particle size.2, 3 The dominant potential energy changes from Eg and Eb 

to Er and Ea at a particle diameter of around 1 µm. The particle sedimentation caused 

by gravity can be neglected for particles smaller than about 1 µm. The dispersion 

characteristics of a powder in an aqueous suspension, where the influence of gravity is 

small, is greatly dominated by the interaction energy corresponding to the summation of 

van der Waals attraction force and electrostatic repulsive force between colloidal 

particles.2-4 It has been well recognized that colloidal processing, which is based on the 

dispersion of a starting powder in a liquid media and subsequent consolidation, is 

superior to conventional dry pressing in the control of density and microstructure of 

green and sintered compacts.5-9 The dispersed ceramic particles can be formed by 

filtration through a gypsum mold or pressure filtration. The consolidation rate of 

colloidal suspensions and the structure of a consolidated powder cake are affected by 

particle size, concentration of the particles, the interaction energy between the colloidal 

particles and the rheological properties. The packing density of a consolidated powder 

compact affects the shrinkage, density and microstructure of the sintered ceramic 

material. That is, the forming is an important process as well as the dispersion of 

colloidal particles. However, only a few papers have reported on the consolidation 

energy (consolidation pressure) of colloidal particles.10-13 When the relationship of 

consolidation energy - packing density - microstructure is clarified, the forming process 

of colloidal particles using pressure filtration can be scientifically controlled.  

It has been reported that the packing density of a flocculated suspension increases in 
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proportion to the logarithm of applied pressure in pressure filtration.11-13 This result is 

associated with the high compressibility of the flocculated colloidal cake which is 

formed near the isoelectric point. In a flocculated suspension, colloidal particles form a 

relatively weak network structure. On the other hand, a small effect of applied pressure 

on packing density has been reported for well dispersed suspensions.11-16 Increase in the 

solid content in a well dispersed suspension enhances the packing density in pressure 

filtration.15 In this chapter, the consolidation behavior of aqueous suspensions of 

hydroxyapatite, silicon carbide,17,18 8 mol% yttria-stabilized zirconia19 and alpha 

alumina20 powders in the size range from 24 to 800 nm was measured in a newly 

developed pressure filtration apparatus. The suspension in a closed cylinder was filtered 

through three sheets of a 0.1 µm pore diameter membrane filter attached to the bottom 

of piston.17−19 When the piston moved to compress the suspension, the filtrate flowed 

into and through the pore channels formed in the piston. The measured suspension 

height as a function of applied pressure was used to determine the relationship between 

the consolidation energy and suspension concentration. 

 

2.3  Experimental Procedure 

2.3.1  Aqueous suspensions 

In this experiment, the following five powders were used: (a) 800 nm SiC supplied 

by Yakushima Electric Industry Co., Ltd., Kagoshima, Japan, SiC 98.90 mass%, SiO2 

0.66 mass%, Al 0.004 mass%, Fe 0.013 mass%, free C 0.37 mass%, median size 0.8 µm, 

specific surface area 13.4 m2/g. (b) 150 nm alpha alumina supplied by Sumitomo 

Chemical Co. Ltd., Tokyo, Japan, Al2O3>99.99 mass%, specific surface area 14.8 m2/g, 

median size 0.15 µm, (c) 68 nm 8 mol% yttria-stabilized zirconia (YSZ) supplied by 
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Tosho Co. Ltd., Tokyo, Japan, ZrO2 86.57 mass%, Y2O3 13.42 mass%, SiO2 0.003 

mass%, Al2O3 0.005 mass%, Fe2O3 0.004 mass%, median size 68 nm, specific surface 

area 14.8 m2/g. (d) 30 nm silicon carbide supplied by Sumitomo Osaka Cement Co. Ltd., 

Tokyo, Japan, SiC 98.90 mass%, SiO2 0.90 mass%, C 3.5 mass%, median size 30 nm, 

specific surface area 50.9 m2/g. (e) 24 nm hydroxyapatite.  

The hydroxyapatite powder was produced according to the following reaction.21, 22  

       10Ca(OH)2 + 6H3PO4 → Ca10(PO4)6(OH)2 + 18H2O                  (2.1) 

Calcium hydroxide was dispersed to make a suspension of 3.0 M–Ca(OH)2. A 100 ml 

solution of 1.8 M–phosphoric acid was added to a 100 ml calcium hydroxide suspension 

at a rate of 1 ml/minute. The produced apatite powder was aged 24 h. Then, the apatite 

suspension was freeze-dried to obtain soft agglomerates of apatite powder (FRD-50M, 

Iwaki Glass Co., Ltd., Tokyo, Japan). The as-produced powder had specific surface 

areas of 72.5 and 80.4 m2/g (Brunauer-Emmett-Teller method, Flowsorb 2300, 

Shimadzu Co., Kyoto, Japan). The measured specific surface area was converted to the 

particle diameter using a true density of 3.13 g/cm3. The equivalent diameters of 

hydroxyapatite particles were calculated to be 24 – 26 nm. The produced hydroxyapatite 

powder was observed by transmission electron microscopy in a previous paper and 

consisted of needle-shape particles of about 10 nm length.21  

The zeta potential of as-received or as-produced powders was measured as a 

function of pH at the constant ionic strength of 0.01-M NH4NO3 (Rank Mark, Rank 

Brothers Ltd., Cambrige, UK). The rheological behavior of the suspensions was 

measured by a cone- and plate-type viscometer (Model EHD type, Tokimec, Inc., Tokyo, 

Japan). The pH of the suspensions was adjusted using 0.1 M-HCl or 0.1 M-NH4OH 

solution. In the apatite suspension of 7 vol% solid at pH 9.0, the following dispersants 
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in concentrations between 0.4×10-6 and 11.8×10-6 mol (monomer unit)/m2 (particles) 

were added to study the steric stabilization effect on powder dispersion: phenylalanine 

C6H5-CH2-CH(NH2)-COOH, molecular weight 165.2, N-lauroylsarcosine 

CH3-(CH2)10-NO(CH3)-COOH, molecular weight 271.4, ammonium polyacrylate 

(PAA)  ( CH2-CHCOONH4 ) n, molecular weight 10,000.  

 

2.3.2  Consolidation of aqueous suspensions  

Figure 2.1 shows the schematic illustration of the developed pressure filtration 

apparatus.17,18 A plastic filter with 20 µm pore diameter and three sheets of a membrane 

filter with 0.1 µm pore diameter were attached to the bottom of the piston (polymeric 

resin) moving at a crosshead speed of 0.05 − 0.5 mm/minute to compress the suspension. 

In an usual pressure filtration apparatus, the filters are attached to the bottom of the 

suspension. The movement of the solution in this type of apparatus due to gravity, 

especially in the early stage of the filtration process, increases the suspension 

concentration. In addition, it is difficult to record the accurate initiation time of the 

filtration. The above phenomena make the analysis of consolidation behavior of the 

colloidal suspensions difficult and reduce the reproducibility of the filtration experiment. 

The developed pressure filtration apparatus shown in Fig. 2.1 was designed to eliminate 

the gravity effect described and to enhance the accuracy of the experiment. 

The suspension of 5 − 20 ml was consolidated by the present pressure filtration 

apparatus in a pressure range from 0 to 19 MPa. The measured applied load – 

suspension height curve was integrated to obtain the energy to consolidate the 

suspensions containing nanometer-sized particles. The consolidated compact was taken 

out of the cylinder and heated at 600 -1000 oC in air for 1 h to give enough strength  
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for the measurement of bulk density by the Archimedes method using distilled water or 

kerosene. 

 

2.4  Results and Discussion 

2.4.1  Interaction between nanometer-sized particles 

The van der Waals attraction energy (Ea) and the repulsion energy (Er) due to the 

electric double layer for D (particle diameter) >> 1/κ (double layer thickness) and D << 

1/κ were calculated by Equations (2.2), (2.3) and (2.4) , respectively.2,3,4,18  
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A(H) in Eq. (2.2) is the Hamaker constant and the value of A(H) = 10.7 × 10-20 J for SiC 

particles was used in present calculation. H is the distance between two particles, k(B) 

the Boltzmann constant, ε the relative dielectric constant of H2O (78.3), ε0 the 

permittivity of vacuum (8.854×10-12 F/m), R the gas constant (8.314 J/mol K), T the 

temperature, Z the charge number (assumed to be +1) of electrolyte and F the Faraday 

constant (9.649×104 C/mol). The double layer thickness at 298 K in the aqueous 

solution containing an electrolyte with the charge number of + 1 was calculated as 

follows for the concentration (B) of the electrolyte1,18,23 : 9.6 nm for B =10-3 mol/l, 96 

(2.2)

(2.3)

(2.4)
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nm for B =10-5 mol/l, 304 nm for B =10-6 mol/l and 962 nm for B =10-7 mol/l.  

Figure 2.2 shows the interaction energy, Ea + Er, for the SiC particles as a function 

of the distance H between two SiC particles. The as-received 30 nm SiC and 800 nm 

SiC powders showed a similar zeta potential as a function of suspension pH.18,24 These 

particles were charged positively at pH 1.9 with a zeta potential of + 11 mV and charged 

negatively above pH 3.0. Both the isoelectric points were pH 2.8. The interaction energy 

of 30 nm SiC decreases to 1/100 of the interaction energy of 800 nm SiC. In the 

suspensions at pH 3.0, two particles form a cluster by the attractive force. In both 

suspensions at pH 7.0, a repulsive interaction is expected. The repulsive interaction at 

pH 7.0 reaches longer distance between two particles when the double layer thickness is 

increased. 

Figure 2.3 shows the apparent viscosity at a shear rate of 76.7 s-1 for the 

suspensions of 800 nm SiC and 30 nm SiC as a function of solid content. The viscosity 

of 800 nm SiC suspension is measured in our previous papers2), 9). The viscosity of 800 

nm SiC suspension decreased with an increase of pH or with a decrease of solid content. 

This result is explained by the increased repulsive energy or increased distance between 

two SiC particles. On the other hands, the viscosity of 30 nm SiC suspension, which 

was relatively high at 3−7 vol% solid, was almost independent of pH, indicating a small 

influence of surface charge on the viscosity of suspensions. That is, the 30 nm SiC 

particles charged at −30 mV have a strong tendency to make a flocculated particle 

network in the aqueous suspension at pH 7. This tendency is associated with the small 

potential barrier (Vmax) of interaction energy (~ 8 × 10-20 J) between two SiC particles 

based on the summation of electrostatic repulsive energy and van der Waals attraction 

energy (DLVO theory), which is compared with the thermal kinetic energy of one 
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Fig.2.2  Interaction energy, Ea + Er, for the SiC particles as a function of 
the distance H between two SiC particles. 
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particle (3kT / 2 = 0.62 × 10−20 J at 298 K, k : Boltzmann constant,)9). Recently, our 

group constructed colloidal phase diagrams of one−component system10) based on the 

thermodynamics of colloidal suspensions. According to the phase diagram for 30 nm 

colloidal particles, the critical surface charge (φ0) to make a fluid colloidal liquid 

containing well dispersed particles was calculated to be 35 mV. The particles with a 

lower surface charge form a flocculated suspension. On the other hands, the φ0 value 

was calculated to be 10−13 mV for the particles of 500−1000 nm. The larger 800 nm 

SiC particles with −30 mV of zeta potential at pH 7 are well dispersed because of the 

relatively low φ0 value. The dispersed or flocculated state represented by the viscosity 

shown in Fig. 2.3 was in accordance with the colloidal phase diagrams for 30 and 800 

nm sizes. 

The apparent viscosity of a 7 vol% hydroxyapatite suspension at pH 9 was  

measured. In an acidic solution below pH 4, the produced hydroxyapatite particles 

dissolved in the solution. The hydroxyapatite particles were charged negatively in the 

pH range from 5 (-15 mV) to 9 (-20 mV). According to Gauckler et al.25and Pretto et 

al.,26 the isoelectric point of well washed hydroxyapatite is measured between pH 7 and 

pH 9. In the present study, the as-produced hydroxyapatite in a solution at pH 6.8 was 

freeze-dried without washing. The negative values of the zeta potential in the pH range 

from 5 to 9 suggests the preferential adsorption of OH− ions on the particle surface.21 

The apparent viscosity of the 7 vol% apatite suspension was 0.42 Pa⋅s at a shear rate of 

1.92 s-1 and decreased with increasing shear rate. This result indicates the formation of a 

particle network of the charged apatite particles.  

A relatively high viscosity was also measured in the basic suspensions of 68 nm 

YSZ particles and 150 nm Al2O3 particles. These particles were charged negatively 
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(YSZ: -32 mV at pH 9.0, Al2O3: -44 mV at pH 9.6).19, 24 The possible explanation for 

the high viscosity is the formation of particle agglomerates through dehydration and 

condensation between hydrated surfaces19,27,28 : Zr(OH)4 + Zr(OH)4 → 

Zr(OH)3–O–Zr(OH)3＋H2O, and Al(OH)3 + Al(OH)3 → Al(OH)2–O–Al(OH)2＋H2O. 

This reaction repeats three dimensionally. The remaining hydroxyl reacts with NH4OH 

solution to form the negatively charged ZrO– sites or AlO– sites.  

 

2.4.2 Consolidation of aqueous suspensions 

Figure 2.1 shows the schematic model for the filtration of the aqueous suspension. 

The filtrate is drained toward the upper direction to form a particle cake below the 

membrane filter. The volume of filtrate solution V is given by Eq. (2.5),  

 

 

where C is the actual suspension concentration, C0 the initial concentration of the 

suspension and V0 the initial volume of the suspension in the cylinder. The height of the 

consolidated cake (h(s)) is expressed by Eq. (2.6), 

0f
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h
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−

=  

where Cf is the packing density of particles at an applied pressure of 19 MPa (maximum 

applied pressure allowed in this apparatus). 

Figure 2.4 shows the relationship between the normalized volume of filtrate solution 

(V / V0) and (a) applied pressure and (b) h (s) / h ratio of apatite suspension. A very low 

pressure was required to filtrate double distilled water, indicating a smooth flow of 

solution in the plastic filter and membrane filter. For the consolidation of the 7 vol% 

apatite without dispersant at pH 9.0 to V / V0 = 0.70 (23 vol% solid), a low pressure of 
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Fig.2.4  Relationship between the normalized volume of filtrate solution (V / V0) 
and (a) applied pressure and (b) h (s) / h ratio of apatite suspension. 
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2.5 MPa was necessary. Further increase of the concentration of the apatite suspension 

to 32.5 % solid (V / V0 = 0.78) required a rapid increase in the pressure to 19 MPa. The 

calculated h (s) / h ratio increases nonlinearly with the increasing V value. The 

reproducibility of the experimental result was very high. On the other hand, the apatite 

suspension with 1.6 × 10-6 mol / m2 (apatite surface) of phenylalanine (2 mass% relative 

to apatite particles), 1.0 × 10-6 mol / m2 of N-lauroylsarcosine (2 mass%) and 2.9× 10-6 

mol carboxyl group / m2 of PAA (2 mass%) was more densely consolidated as seen in 

Fig. 2.4. The final packing density at an applied pressure of 19 MPa was 44.6, 48.9 and 

45.0% of theoretical density for the addition of phenylalanine, N-lauroylsarcosine and 

PAA, respectively. The low packing density of the nanometer-sized apatite particles was 

improved by the steric stabilization effect provided by the dispersant.22 One possible 

reason for this result is the fact that the particles without dispersant are more susceptible 

to coagulation and form an open network structure, whereas the steric layer formed by 

dispersants around the particles prevents the coagulation and allows a better compaction 

of the network. The lower packing density achieved with nanometer-sized particles can  

also be explained by the high excluded volume around these particles in comparison to 

micrometer-sized particles. 

Figure 2.5 (a) shows the packing density as a function of particle size of SiC, Al2O3, 

YSZ and hydroxyapatite consolidated using the pressure filtration apparatus in Fig.2.1. 

It is apparent that (1) packing density of the colloidal particles without dispersant 

decreases when particle size becomes smaller than 70 nm, (2) the packing characteristic 

of colloidal particles larger than 150 nm is greatly influenced by the surface charge, and 

(3) the surface charge of the colloidal particles does not affect the packing density at the 

particle size smaller than about 70 nm. This result is correlated later to the consolidation 
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Fig.2.5  Packing density (a), consolidation energy for 1 cm3 of particles (b), and 
log (W/Ei) ratio (c), as a function of particle size. W and Ei correspond to the
energy applied between two particles during consolidation and the interaction 
energy between two particles in a suspension, respectively. HAp represents 
hydroxyapatite powder.
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(2.7)

energy of colloidal particles. When the applied pressure was released, the height of the 

consolidated cake of Al2O3 and YSZ increased because of the release of the stored 

elastic strain energy. The degree of relaxation was 5-12 % in the height of the compact. 

The packing density after the relaxation agreed with the bulk density of Al2O3 or YSZ 

compact measured by the Archimedes method after calcination at 600-700 ºC. This 

relaxation was not measured in the consolidated cake of SiC and hydroxyapatite.  

 

2.4.3  Consolidation energy  

The area under the applied pressure – filtrate volume curve (Fig. 2.4(a)) corresponds 

to the energy for the consolidation of the colloidal suspensions. Figure 2.5(b) shows the 

consolidation energy (Ec) for 1cm3 particles as a function of particle size. The Ec value 

increased as the particles size decreased and was high for the dispersed particles than for 

the flocculated particles.  

The energy (W) applied between two particles during the consolidation was 

approximated by Eq. (2.7),29 

NZ
Ec2W =  

where Ec is the consolidation energy of aqueous suspension, N the number of colloidal 

particles in the consolidated cake and Z the coordination number of colloidal particles in 

the cake. In the present analysis, the coordination number (Z) was assumed to be 12 in a 

random close packing model. The W value reflects the interaction energy between two 

particles during the consolidation and decreases at large N value. That is, the W value 

has a tendency to decrease when the N value increases at a similar Ec value. Equation 

(2.4) predicts the decrease of W value for smaller particles because of the increased N 

value for the unit volume powder. In fact, the W value became lower for smaller 
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particles. The W value for highly charged particles was compared with the interaction 

energy (Ei = Ea + Er) in a suspension. Figure 2.5 (c) shows the log (W/Ei) ratio as a 

function of particle size. The W/Ei ratio represents the relationship between the energies 

for consolidation and dispersion by repulsive force. This ratio is greatly influenced by 

particle size and changes within a range from 103 to 105. The increase of particle size is 

accompanied by the increase of the W/Ei ratio. In other words, dense packing of 

charged colloidal particles is achieved by increasing the W/Ei ratio. In the consolidation 

of nanometer-sized particles, the W/Ei ratio becomes smaller than 104, resulting in the 

formation of porous compact.  

 

2.4.4  Effect of dispersant 

The molecular length of the used dispersant was calculated to be 0.90 nm for 

phenylalanine, 2.2 nm for N-lauroylsarcosine and 35.5 nm for PAA, respectively, based 

on the lengths of chemical bonds. The interaction between the used dispersants and 

hydroxyapatite surface was studied in previous papers.22,30−32 The zeta potential (-20 

mV) of apatite at pH 9.0 was slightly changed toward the positive value with addition of 

0.4×10-6 mol/m2 of phenylalanine (-14 mV) 22 and of 0.2×10-6 mol/m2 of 

N-lauroylsarcosine (-15.5 mV). Addition of 0.7×10-6 mol carboxyl group/m2 of PAA to 

the apatite surface shifted slightly the zeta potential to negative value (-24.5 mV). 

 Figure 2.6 shows the influence of dispersant on the rheological properties of 7 

vol% apatite suspension at pH 9.0. Addition of phenylalanine and N-lauroylsarcosine 

increased the apparent viscosity of the non-Newtonian apatite suspension. This result 

suggests that a particle network is formed by the bridging through the added dispersant, 

because the zeta potential of apatite particles was reduced with the addition of the  
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dispersants. Further addition of the dispersants in the range from 3.9 ×10-6 to 6.3 ×10-6 

mol/m2 decreased the apparent viscosity. On the other hand, the addition of PAA of 5.9 

×10-6 mol carboxyl group / m2 reduced significantly the apparent viscosity and changed 

the rheological property to a Newtonian flow, indicating that the dispersibility of the 

apatite particles was improved by the adsorption of PAA. Further addition of PAA 

increased slightly the apparent viscosity as seen in Fig 2.6. The above data suggests that 

the amount of PAA required to the complete surface coverage may be 6.0 ×10-6 mol 

carboxyl group / m2. This value was comparable to the amount of PAA (9.0 ×10-6 mol 

carboxyl group / m2) adsorbed on the surface of 0.6 µm alumina particles at pH 9.1.30  

Figure 2.7 (a) summarizes the influence of dispersant on the packing density of apatite 

particles. The packing density at an applied pressure of 19 MPa showed a maximum at 2 

mass% of the dispersant (1.6 ×10-6 mol phenylalanine / m2, 1.0 ×10-6 mol 

N-lauroylsarcosine / m2 and 2.9 ×10-6 mol carboxyl group (PAA) / m2 ). The influence 

of dispersant on the apparent viscosity of the apatite suspension is shown in Fig. 2.6. 

From the above results, it is difficult to correlate directly the packing density of apatite 

particles with the apparent viscosity of the suspension, because the viscosity was only 

measured at very low solid concentration. Figure 2.7 (b) shows the Ec value as a 

function of amount of dispersant. The Ec value was almost independent of the amount 

of phenylalanine. Dispersants with increased molecular weight ( N-lauroylsarcosine and 

PAA ) enhanced the Ec value with increasing concentration. This result indicates that 

the pore size3, 33 and thickness of dispersant16 adsorbed on the apatite particles affect the 

consolidation energy. 

When the applied pressure was released, the height of the consolidated 

hydroxyapatite cake with the dispersant increased. This result is explained by the  
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release of the stored elastic strain energy in the consolidated cake. Table I compares the 

packing density at an applied pressure of 19 MPa (a) and after the pressure release (b). 

As seen in Table 2.1, little relaxation was measured for the compacts formed from the 

suspensions with dispersant concentrations less than 0.7 × 10-6 mol / m2. This result 

suggests the low flexibility of the compact without dispersant. The addition of 1.0 × 10-6 

− 5.9 × 10-6 mol / m2 of dispersant in the suspension caused the increase of 15 − 17 % 

in the height of the compact after pressure release. That is, the relaxation is related to 

the elastic properties of dispersant layer adsorbed and to the high excluded volume 

formed by the dispersant layer around the particle surface. The relaxation is interpreted 

to increase when the amount of the adsorbed dispersant increases.  

The thickness of the adsorbed layer was estimated using Eq. (2.8) when the pressure 

was released. The distance (H) between the dispersed particles in a random close 

packing model is related to the concentration (C) of solid particles by Eq. (2.8).34,35 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−⎟

⎠
⎞

⎜
⎝
⎛ +

π
= 1

6
5

C3
1DH

2
1

                                        (2.8) 

The H value becomes 0 at C = 63 vol%. The initial solid concentration of the present 

experiment was 7 vol% apatite and this value corresponds to an H value of 12.6 nm. 

The estimated dispersant layer thickness (half the distance between the dispersed 

particles) was as follows : 0.71 − 0.83 nm for the addition of 0.4 ×10-6 − 3.2 ×10-6 mol / 

m2 of phenylalanine, 0.58-0.74 nm for the addition of 0.2×10-6 − 1.9 ×10-6 mol / m2 of 

N-lauroylsarcosine and 0.58 − 0.84 nm for the addition of 0.7 × 10-6-5.9 × 10-6 mol 

carboxyl group / m2 of PAA. The estimated dispersant thickness was almost 

independent of the molecular weight of the dispersant and shorter than 1 nm. The length 

of the dispersants based on the length of chemical bonds are as follows: 0.90 nm for 
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phenylalanine, 2.21 nm for N-lauroylsarcosine and 35.5 nm for PAA. The estimated 

thickness of the dispersant absorbed on the apatite particles was shorter than the 

corresponding molecular length. The comparison of the above two values of thickness 

and molecular length for PAA suggests that PAA is adsorbed in loop shape on the 

apatite particles. 

Table 2.1 also shows the packing density of the apatite compact after the 

calcination at 600 °C in air. The hydroxyapatite compact with 1.0 × 10-6 mol / m2 of 

N-lauroylsarcosine was cut into two specimens along the height. The bulk density of the 

upper and lower parts with 5 mm height was 39.2 and 39.0 % of theoretical density, 

respectively. This result indicates the uniform distribution of the bulk density along the 

height. An interesting result is the increased packing density after the calcination for no 

addition of dispersant or for addition of a small amount of dispersant ( < 0.7 × 10-6 mol  

/ m2 ). Additionally, no change in the packing density after the pressure release and the 

calcination was measured for the addition of 1.0 × 10-6 – 5.9 × 10-6 mol/m2 of 

dispersants. The former result is explained by the sintering between apatite particles.  

The increased amount of dispersant prevents the direct attachment of apatite particles 

after drying. Furthermore, the volatilization of adsorbed dispersant keeps apatite 

particles separate during the calcination.36 The above influence of the dispersant resulted 

in no change of the packing density after the calcination. 

 

2.5  Summary 

    The pressure and energy required to consolidate an aqueous suspension of 

nanometer-sized colloidal particles (24 nm hydroxyapatite, 30 nm SiC, 68 nm YSZ, 150 

nm Al2O3 and 800 nm SiC) were continuously measured using a developed pressure 
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filtration apparatus. The calculated interaction energy of 30 nm particles decreases to 

1/100 of the interaction energy of 800 nm particles. The viscosity of aqueous 

suspensions of 150 – 800 nm particles decreased with the increased repulsion energy. 

However, the viscosity of aqueous suspensions with 20 – 30 nm particles, which was 

relatively high at 5-7 vol% solid, was almost independent of suspension pH, indicating a 

small influence of surface charge on the interaction between the nanometer-sized 

particles. A high viscosity was measured for basic suspensions of 150 nm Al2O3 and 68 

nm YSZ particles. This result was explained by the formation of particle agglomerates 

through dehydration and condensation between hydrated surfaces. Packing density of 

colloidal particles without dispersant decreases when particle size becomes smaller than 

150 nm. The packing characteristic of colloidal particles larger than 150 nm is greatly 

influenced by the surface charge. The surface charge of the colloidal particles smaller 

than about 70 nm does not affect the packing density. When the applied pressure was 

released, the height of the consolidated Al2O3 and YSZ compacts increased because of 

the release of the stored elastic strain energy. The consolidation energy (Ec) for 1 cm3 

particles increased as the particle size decreased and was high for highly dispersed 

particles than for flocculated particles. The ratio of energy (W) applied between two 

particles during consolidation to the interaction energy (Ei) between highly charged two 

particles in a suspension was calculated to be in the range from 103 to 105. This ratio is 

greatly influenced by particle size. In the consolidation of colloidal particles smaller 

than 150 nm, the W/Ei ratio becomes smaller than 104, leading to the formation of 

porous compact. The low packing density of 20 – 30 nm particles was improved by 

steric stabilization with dispersants (phenylalanine, N-lauroylsarcosine and PAA). When 

the applied pressure was released, the height of the consolidated cake with the 
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dispersants increased. This relaxation is related to the elastic properties of dispersant 

layer adsorbed on the particle surfaces and to the excluded volume formed by the 

dispersant layer around the particle surfaces. The estimated thickness of the dispersant 

layer adsorbed on the particle surfaces was almost independent of the molecular weight 

of the dispersants and shorter than 1nm. 
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Chapter 3 

 

Pressure Filtration Model of Ceramic Nanometer-sized particles at 

constant crosshead speed 

 

3.1  Abstract 

The consolidation behavior of nanometer−sized particles at 20−800 nm was 

examined using a pressure filtration apparatus at a constant compressive rate. The 

relation of applied pressure (∆Pt)−volume of dehydrated filtrate (Vf) was compared with 

the established filtration theory for the well dispersed suspension. The theory was 

effective in the early stage of the filtration but deviation between the experiment and the 

theory started when ∆Pt exceeded a critical pressure (∆Ptc). It was found that this 

deviation is associated with the phase transition from a dispersed suspension to a 

flocculated suspension at ∆Ptc. The factors affecting ∆Ptc are zeta potential, 

concentration and size of particles. Based on the colloidal phase transition, a new 

filtration theory was developed to explain the ∆Pt−ht (height of suspension) relation for 

a flocculated suspension. A good agreement was shown between the developed theory 

and experimental results. 

 

3.2  Introduction 

Advanced ceramics made from a high purity submicrometer−sized powder (0.1−1 

µm) under severely controlled process, are widely used as electronic, mechanical, 

optical, magnetic, bio, and high temperature structural materials. The physicochemical 

properties of the fired ceramics depend greatly on the microstructures, which are closely 
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influenced by the green microstructures. The forming technology of green compacts is 

divided into dry and wet processing methods. Uniaxial pressing and isostatic pressing 

are typical convenient dry forming methods. More uniform microstructures of green 

compacts are seen by wet forming methods such as filtration, pressure filtration, doctor 

blading, or electrophoretic deposition. The filtration method using a gypsum mold can 

be used to form high density compacts of complex shape. The capillary tube suction 

pressure of gypsum mold is 50−100 kPa. Pressure filtration can reduce the consolidation 

time of colloidal suspension. The magnitude of applied pressure is related to the 

equipment and can be as high as 80 MPa when stainless steel equipment is used 1. This 

forming technology enables formation of green compacts with relatively thick walls. In 

previous section, we reported the consolidation behavior of aqueous suspensions of 

hydroxyapatite2, silicon carbide 3,4, 8 mol% yttria−stabilized zirconia 5, and alpha 

alumina 6 powders in the size range from 24 to 800 nm using a newly developed 

pressure filtration apparatus. The suspension in a closed cylinder was filtered through 

three sheets of a 0.1 µm pore diameter membrane filter attached to the bottom of piston 

under a maximum pressure of 19 MPa. When the piston moved to compress the 

suspension, the filtrate flowed into and through the pore channels formed in the piston. 

The measured suspension height as a function of applied pressure was used to determine 

the relationship between the consolidation energy and suspension concentration. In the 

analysis of the relation of applied pressure–suspension height (or volume of filtrate) at a 

constant crosshead speed, it was found that the relation can not be interpreted by the 

established filtration model. To clarify the consolidation behavior of the 

nanometer−sized powders, this paper has proposed a phase transition from dispersed to 

flocculated particles at a critical applied pressure during pressure filtration and 
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constructed a new filtration model for a flocculated suspension. The developed filtration 

model was compared with the experimental results and succeeded in explaining the 

consolidation behavior of nanometer-sized particle.  

 

3.3 Result and Discussion 

3.3.1 Application of Established Filtration Model to Nanometer−sized Powders 

The established filtration model is explained in section 1.3. From Eqs.(1.3) and 

(1.5), the pressure gradient along the consolidated layer is expressed by Eq.(3.1) at a 

constant cross head speed (dht / dt ≡ −v), 
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The integrated form explains the pressure drop at the consolidated layer when the piston 

compresses at a constant crosshead speed. 
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The ∆Pc increases with increasing hc or v. Since hc is related to Vf by Eq.(1.3), the 

following relation is derived. 

∫∫ −=
c

0
cf

fV

0

h
dhndV

A
1  

The integrated relation is expressed by Eq.(3.4). 

nA
Vh f

c −=  

Equations (3.4), (3.2) and (1.2) are used to represent ∆Pc with Vf or ht (Eq.(3.5)). 

( )t0
c

f
c

c hH
n

vηαV
nA

vηαP∆ −⎟
⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛=  

Similarly, the pressure drop at the mold in Fig.1.1 is derived from Eqs.(1.3) and (1.5). 

mmmi0 vhηαP∆PP −==−  

(3.1) 

(3.2) 

(3.3) 

(3.4) 

(3.5) 

(3.6) 
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When only the solution was compressed at the crosshead speed v = 0.5 mm/min, ∆Pm 

was 5 ± 5 kPa. This value of ∆Pm was very small as compared with the experimental 

pressure range ∆Pt = 0.1−19 MPa and ∆Pm can be neglected to ∆Pc. 

 

3.3.2  Comparison between Typical Experimental Results and Established Filtration 

Theory 

Figure 3.1 shows the typical relationship between applied pressure (∆Pt) and 

normalized volume of dehydrated solution (Vf / V0, V0: volume of initial suspension (15 

vol%)) for 150 nm Al2O3 particles at pH 3.2 (zeta potential + 48 mV) and pH 7.8 

(isoelectric point). The detailed experimental procedure is described in Ref. 6. For the 

consolidation of particles with the high zeta potential, the following four regions 

appeared. Region I : A very low applied pressure (∆Pt) at the initial stage of the 

compression of the suspension. Region II : A linear increase of ∆Pt with increasing Vf. 

Region III : Almost plateau region of ∆Pt with increasing Vf. Region IV : A rapid 

increase of ∆Pt with a small increase of Vf. The particle content at 19 MPa in region IV 

reached 62−63% for the suspension at pH 3.2. This value is compared with the density 

of 63.7% for random close packing of spherical particles 7. The consolidation behavior 

of the alumina particles was analyzed based on Eq.(3.5) because of the relation of ∆Pc 

>> ∆Pm. The small ∆Pc in region I reflects a small αc for a thin consolidated layer. The 

linear increase of ∆Pc with Vf in region II is well interpreted by Eq.(3.5) and suggests 

that the filtration model studied in sections II and III is effective to the consolidation of 

submicrometer−sized particles. However, the slope of ∆Pt – Vf curve decreased when 

the consolidation process shifted to region III. No leak of the filtrate at the filters of the 

apparatus was recognized. The change of dPt / dVf expresses the decrease of αc when  
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Fig. 3.1  Typical relationship between applied pressure (∆Pt) and 
normalized volume of dehydrated solution (Vf / V0, V0: volume 
of initial suspension (15 vol%)) for 150 nm Al2O3 particles at pH 
3.2 (zeta potential + 48 mV) (a) and pH 7.8 (isoelectric point) 
(b).  
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the ∆Pt exceeded a critical pressure (≈ 2.46 MPa in Fig.3.1(a)). This phenomenon is 

discussed in a latter part. Figure 3.1(b) shows also the consolidation behavior of 150 nm 

alumina particles at the isoelectric point. The flocculated suspension needs a low 

applied pressure for the consolidation in the wide range of Vf. In the last stage of the 

filtration, ∆Pt increased suddenly with a small increase of Vf. The packing density at 19 

MPa was 53.8% and lower than the density for the suspension at pH 3.2. A similar ∆Pt – 

Vf relation was also measured for 800 nm SiC 4, 68 nm YSZ (Yttria−stabilized zirconia) 

5, 30 nm SiC 3,4 and 24 nm HAp (hydroxy apatite) 2. As discussed in section 3.3.2, it is 

possible to understand the consolidation regions I and II in Fig.3.1 based on the 

filtration model in Fig.1.1 and Eq.(3.5). However, no interpretation is given for region 

III and subsequent IV. We needs a new consolidation model to explain regions III and IV. 

A new model is proposed in section 3.3.3. 

 

3.3.3  New Model for the Consolidation of Nanometer−sized Powders 

(a) Phase Transition of Colloidal Suspension 

The new model is associated with the similarity of regions III and IV for the 

dispersed and flocculated suspensions in Fig.3.1. The similar dependence of ∆Pt on Vf 

for both suspensions implies a phase transition of dispersed particles to flocculated 

particles at a critical applied pressure (∆Ptc) located between regions II and III. The 

chemical potential of dispersed (µd) and flocculated (µg) particles, as shown in Fig.3.2, 

is given by Eqs.(3.7) and (3.8), respectively, 

dTSdPVµd ddd −=  

dTSdPVµd ggg −=  

(3.7) 

(3.8) 
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where V  and S  are the partial molar volume and partial molar entropy of particles in 

a suspension, respectively. Equations (3.7) and (3.8) are integrated to yield Eqs. (3.9) 

and (3.10) at a constant temperature. 

∫ ∫ −==−=
dµ

0dµ

atmP

atm1
dd0ddd )1P(VdPVµµµd  

∫ ∫ −==−=
gµ

0gµ

atmP

atm1
gg0ggg )1P(VdPVµµµd  

The µ0 in Eqs. (3.9) and (3.10) represents the chemical potential at P = 1 atm. Figure 3.2 

shows the schematic relation between µ of particles and applied pressure ∆Pt (= (Pt − 1) 

atm). Dispersed particles have a higher chemical potential than that of flocculated 

particles at 1 atm. The difference of both the chemical potential, µg − µd, decreases with 

increasing ∆Pt and an equilibrium is reached at ∆Ptc. At a higher ∆Pt, µg becomes larger 

than µd. In this pressure range, a phase change from flocculated particles to dispersed 

particles is accelerated by the increased ∆Pt. The phase transition pressure is solved 

under the condition of µd = µg for Eqs.(3.9) and (3.10), 

dg

0g0d
tc VV

µµ
P∆

−

−
=  

In Eq.(3.11), gV  for flocculated particles of Avogadro number, is larger than dV  

for well dispersed particles because the flocculated particles of 1 mol occupy a larger 

space in the suspension than the dispersed particles of 1 mol which can be densely 

packed. The ∆Ptc can be measured as the pressure of the boundary of regions II and III 

in Fig. 3.1. Once the phase transition occurrs, the suspension contains both the dispersed 

and flocculated particles. When the transition rate from the flocculated particles to 

dispersed particles is slow at ∆Pt > ∆Ptc, the solution in the suspension containing both 

(3.9) 

(3.10) 

(3.11)
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the particles moves to the mold through the open spaces in the flocculated suspension 

and the consolidated powder layer formed at region II. The specific resistance αs for the 

migration of solution in the open spaces among the flocculated particles may be greatly 

small as compared with αc for the consolidated layer at region II. That is, no significant 

increase of ∆Pt is required in region III. This type phase transition explains well the low 

∆Pt for the consolidation of initially flocculated suspension as seen in Fig. 3.1. In the 

final stage of the filtration, the flocculated suspension is compressed by the applied 

pressure. This stage corresponds to region IV in Fig. 3.1.  

The phase transition pressures of several nanometer−sized particles are shown in 

Fig.3.3 as a function of zeta potential. According to Eq.(3.11), ∆Ptc increases when dV  

increases. Three main factors affect dV  ; zeta potential, initial concentration of 

particles and particle size. When particles have a high zeta potential, dV  becomes 

large owing to the high repulsive interaction between charged particles, leading to a 

high ∆Ptc. Increased Vi for the same volume of the suspension causes the decrease of 

distance between two particles and results in a small dV , leading to a low ∆Ptc. The 

increase of particle size for a similar distance between two particles leads to an increase 

of dV  and increases ∆Ptc. When we see the data in Fig. 3.3, care is needed to interpret 

the low ∆Ptc at a negative zeta potential. The surface of hydrated Al2O3 and ZrO2 

particles at a high pH have a tendency to form particle agglomerates through 

dehydration and condensation between OH groups of the surface and finally charged 

negatively by the reaction with OH − ions in the solution. (Al(OH)3 + Al(OH)3 → 

Al(OH)2 – O – Al(OH)2 + H2O, – Al(OH)2 + OH −→ – AlO(OH)−+ H2O) 2. This  
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influence of the chemical reaction is overlapped on the flocculation of negatively 

charged particles. The decrease of ∆Ptc with increasing particle content is apparently 

seen in the 800 nm SiC suspensions. Although we have not enough data at this moment, 

the data of 24 nm hydroxyapatite and 30 nm SiC show the low ∆Ptc and are explained 

by the proposed particle size effect. 

 

(b) Consolidation Model of Flocculated Suspension at Constant Crosshead Speed 

As discussed in chapter 3.3.3 (a), the phase transition from dispersed suspension to 

flocculated suspension occurrs at ∆Ptc. Figure 3.4 shows the schematic structure of the 

suspension and the hydraulic pressure profile across the mold consolidated layer and 

flocculated suspension. In this model, the flux of filtrate is given by Eq.(3.12). 

sst
t

t
f

f dh
dP

ηα
1

d
dh

d
dV

A
1J ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=−=⎟

⎠
⎞

⎜
⎝
⎛=  

The integrated equation (3.13) gives the pressure drop along the flocculated suspension, 

∫∫ ⎟
⎠
⎞

⎜
⎝
⎛−=

sh

sch
ss

ttP

tcP
dhα

dt
dhηdP  

where (dht / dt) represents the cross head speed of piston (≡ −v) and hsc is the height of 

the flocculated suspension at the phase transition pressure ∆Ptc (= Ptc − P0). In equation 

(3.13), the conditions of Ptc = Pi and hsc = H0 (height of initial suspension) correspond to 

no formation of consolidated layer of dispersed particles in regions I and II and 

represent the pressure drop during the filtration of initially flocculated suspension. The 

pressure drop for the this case is described by Eq. (3.14), 

∫ ∫=−=−=
tP

iP

sh

0H
sssit dhαvηP∆PPdP  

where hs is equal to ht because of no formation of consolidated layer of dispersed  

(3.12)

(3.13)

(3.14)
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particles (See Eq.(1.2)). When αs is determined as a function of hs, we can integrate the 

right term of Eq.(3.14). The fraction of particles (Vj) and solution (1−Vj) of the 

flocculated suspension of height hs is given by Eqs.(3.15) and (3.16), respectively. 

s

0
ij h

HVV =  

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=−

s

0
ij h

HV1V1  

On the other hand, the specific porous medium resistance α is expressed by Eq.(3.17) 

(Kozeny−Carman model)7, 

( )
3

22

ε
ε1BSα −

=  

where B is the ratio of the shape factor to the tortuosity constant, S the ratio of total 

solids surface to the apparent volume of the consolidated system, and ε the porosity of 

the particle layer. In the flocculated suspension, (1−Vj) is equivalent to ε and Vj 

corresponds to (1− ε) in Eq.(3.17). This simulation enables to correlate αs with hs as 

follows. 

3i0s

s2i02s )VHh(
h)VH(BSα

−
=  

That is, the pressure drop −∆Ps (= Pt − Pi) for an initially flocculated suspension is 

calculated by Eq.(3.19), 

∫ −
=−

sh

0H
s3i0s

s2i02s dh
)VHh(

h)VH)(BS(vηP∆  

The integration of the right term, named as T(hs), is given by Eq.(3.20), 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

−
−

−
+

−
−

−
=

i0si02i0s

s
2i

2
0

0
s VHh

1
)V1(H

1
)VHh(

h
)V1(H

H
2
1)h(T  

Figure 3.5 shows the schematic relationship between ∆Ps and hs for an initially 

flocculated suspension. The −∆Ps increases nonlinearly with decreasing suspension  

(3.15)

(3.16)

(3.17)

(3.18) 

(3.19) 

(3.20)
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height and reaches ∞ at hs = H0Vi. The area surrounded by −∆Ps−hs curve corresponds 

to the consolidation energy (Ec) of flocculated particles with dehydration of solution and 

is calculated by Eq.(3.21). 

∫=
sh

0H
ss2i02c dh)h(T)VH)(BS(vηE  

The integration of the right term, named as V(hs), is given by Eq. (3.22). 

( ) ( )
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s VHh

)V1(Hln2
)V1(H

H
)VHh(

h
)V1()V1(H

V2Hh
2
1)h(V  

The derived Eqs.(3.19) and (3.21) contain one unknown parameter (BS2) but it is 

possible to simulate experimental result with the present model by fitting BS2 term.  

Figure 3.6 represents again the relation between ∆Pt – Vf relation for an initially 

dispersed suspension. The area E1 at Va <Vf < Vb represents the energy for the 

consolidation of dispersed particles (see Fig.1.1) and is calculated using Eq.(3.5). A 

dispersed suspension transformed into a flocculated state at a critical applied pressure 

∆Ptc. The area E3 at Vb <Vf < Vc corresponds to the consolidation energy of the 

flocculated particles by eliminating the solution through the open spaces in the 

suspension. The rectangular area E2 at Vb < Vf < Vc represents the energy to filtrate the 

solution in the flocculated suspension through the voids of the compact layer of 

dispersed particles which are consolidated in regions I and II. 

 

(c) Comparison between Experimental Results and Theory 

Figure 3.7 shows the typical ∆Pt – ht relation for the flocculated suspensions of 150 

nm Al2O3, 30 nm SiC and 24 nm hydroxyapatite at near the isoelectric points. In Fig.3.7 

(a), the datum for the well−dispersed alumina particles at pH 3.2 (zeta potential +48  

(3.21) 

(3.22) 
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mV) is also plotted to compare with that for the flocculated suspension. The measured 

∆Pt – ht curves were well fitted by Eq.(3.19) for the proposed model. This good 

agreement supports the phase transition at ∆Ptc and consolidation of flocculated 

suspension during the pressure filtration. The difference of ∆Pt between the 

experimental result and the theory at the final stage is discussed in section 4.4.6. The 

derived Eq.(3.19) is also effective to explain the ∆Pt – ht relation for the particles of 

high zeta potential when the origin (H0) of Eq.(3.19) is shifted to the height (hsc) 

corresponding to ∆Ptc (See Fig.3.4). The height of hsc is calculated from Eqs.(3.4) and 

(3.5) at −∆Pc = ∆Ptc. That is, the proposed model can be applied for the highly dispersed 

suspension when the following change is treated for Eqs.(3.19) and (3.20) : H0 → hsc, Pi 

→ Ptc. The final −∆Ps corresponds to (Ptc − Pt) in Fig.3.4(b). That is, it is concluded that 

the proposed new filtration model is effective to understand the consolidation process of 

nanometer−sized particles at a constant crosshead speed. 

 

3.4  Conclusions 

This Chapter clarified that the established filtration theory for the consolidation of 

well dispersed particles is effective to explain the early stage of the pressure filtration of 

nanometer– sized particles at a constant crosshead speed of piston. However, deviation 

between the theory and experimental result for the pressure drop across the consolidated 

layer increases with increasing volume of filtrate (Vf) when the applied pressure (∆Pt) 

exceeds a critical value (∆Ptc). This deviation is well explained by the phase transition 

from dispersed to flocculated suspension at ∆Ptc. The small increase of ∆Pt with 

increasing Vf at ∆Pt > ∆Ptc is associated with the smooth migration of solution through 

the open spaces among the flocculated particles. The measured ∆Ptc depends on zeta 
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potential, concentration and size of the particles. Increase of zeta potential, decrease of 

particle concentration and increase of particle size shift ∆Ptc to a high pressure. Based 

on the phase transition of the colloidal suspension, a new filtration theory was 

developed for the consolidation of flocculated suspension. The measured ∆Pt – ht 

(height of suspension) relation was well fitted by the theoretical pressure drop across the 

flocculated suspension. 
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Chapter 4 

 

Pressure Filtration of Nanometer-sized SiC Powder at Constant 

Applied Pressure 

 

4.1  Abstract 

Aqueous 5 vol% suspensions with 30 nm SiC particles at pH 7.0 were filtrated at a 

constant pressure of 0.1−10 MPa to form the compacts of 18−37 % of theoretical 

density. The packing density became higher at a higher pressure. The filtration kinetics 

deviated from the filtration theory established for the suspension containing well 

dispersed particles. A new filtration model for a flocculated suspension was developed. 

The experimental results were well explained by the developed theory except for the 

final stage of consolidation. When the deformation ability of flocculated particles was 

reduced, the difference of the consolidation behavior between the experiment and the 

derived theory became larger. 

 

4.2  Introduction 

    Advanced ceramics made from a high purity submicrometer−sized powder (0.1−1 

µm) under severely controlled process, are widely used as electronic, mechanical, 

optical, magnetic, bio, and high temperature structural materials. The physicochemical 

properties of the fired ceramics depend greatly on the microstructures, which are closely 

influenced by the green microstructures. The forming technology of green compacts is 

divided into dry and wet processing methods. Uniaxial pressing and isostatic pressing 

are typical convenient dry forming methods. More uniform microstructures of green 
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compacts are seen by wet forming methods such as filtration, pressure filtration, doctor 

blading, or electrophoretic deposition. The filtration method using a gypsum mold can 

be used to form high density compacts of complex shape. The capillary tube suction 

pressure of gypsum mold is 50−100 kPa. Pressure filtration can reduce the consolidation 

time of colloidal suspension. The magnitude of applied pressure is related to the 

equipment and can be as high as 80 MPa when stainless steel equipment is used 1).  

This forming technology enables the formation of green compacts with relatively thick 

walls. In previous chapter, we reported the consolidation behavior of aqueous 

suspensions of hydroxyapatite2), silicon carbide3),4), 8 mol% yttria−stabilized zirconia5), 

and alpha alumina6) powders in the size range from 24 to 800 nm using a newly 

developed pressure filtration apparatus at a constant crosshead speed of compressive 

piston. 

    Our previous paper7) clarified that the established filtration theory8) for the 

consolidation of well dispersed particles is effective to explain the early stage of the 

pressure filtration of nanometer–sized particles at a constant crosshead speed of piston. 

However, deviation between the theory and experimental result for the pressure drop 

across the consolidated layer increased with increasing volume of filtrate when the 

applied pressure exceeded a critical value. This deviation is related to the phase 

transition from dispersed to flocculated suspension. Based on the phase transition of the 

colloidal suspension, a new filtration theory was developed for the consolidation of 

flocculated suspension7). In this chapter, SiC particles of 30 nm diameter were filtrated 

at a constant pressure using a developed pressure filtration apparatus. This result was 

compared with established theory for a well dispersed suspension and with the newly 

developed filtration model for a flocculated suspension. 
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4.3  Experimental procedure 

A plasma CVD−processed β−SiC powder supplied by Sumitomo Osaka Cement 

Co., Ltd., Tokyo, was used : SiC 95.26 mass%, SiO2 0.97 mass%, C 3.77 mass%, 

median size 30 nm, specific surface area 50.9 m2/g. The zeta potential of as−received 

β−SiC powder was measured at a constant ionic strength of 0.01 M−NH4NO3 (Rank 

Mark II, Rank Brothers Ltd, UK) and the isoelectric point was pH 2.8. The colloidal 

suspension of 5 vol% SiC was prepared at pH 7.0 (zeta potential –29.8 mV). The pH of 

the suspension was adjusted using 0.1 M−NH4OH solution. The above SiC suspension 

was stirred for 4 h at room temperature. The rheological behavior of the suspension was 

measured with a cone− and plate−type viscometer (Model EHD type, Tokimec, Inc., 

Tokyo, Japan). A prepared suspension was filtrated at a constant pressure of 0.1−10 

MPa. The applied load and the height of the piston were continuously recorded 

(Tensilon RTC, A & D Co., Ltd, Tokyo, Japan). The consolidated SiC compact was 

taken out of the cylinder and dried at 100 oC in air for 24 h. The dried compact was 

heated at 1000 oC in Ar atmosphere for 1 h to give an enough strength for the 

measurement of bulk density by the Archimedes method using kerosene. 

 

4.4  Results and Discussion 

4.4.1  Established Filtration Model at Constant Applied Pressure 

From the Equation (1.2), (1.8) and (3.4), The ht for the model in Fig.1.1 is 

expressed as follows. 

( ) 2
t0

c
t hH

n2
ηαtP∆ −=  

Equation (4.1) was compared with the experimentally measured (H0 − ht) value as a 

function of filtration time at a constant ∆Pt. 

(4.1)
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4.4.2  New filtration model of flocculated suspension at Constant Applied Pressure 

In our previous paper7), it is clarified that a phase transition from a dispersed 

suspension to a flocculated suspension occurs at a critical applied pressure (∆Ptc) for 

nanoparticles of 20−800 nm size. The ∆Ptc depends on zeta potential, concentration and 

size of colloidal particles. Increase of zeta potential, decrease of particle concentration 

and increase of particle size shift ∆Ptc to a high pressure7). Figure 4.1 shows the structure 

model and hydraulic pressure profile across mold and initially flocculated suspension. 

In this model, the flux of filtrate is given by Eq.(4.2), 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=−=⎟

⎠
⎞

⎜
⎝
⎛=

ss

sf
f dh

dP
ηα
1

dt
dh

dt
dV

A
1J  

where αs is the specific resistance of filtrate through the spaces among flocculated 

particles. Under a constant pressure difference of Pi − Pt (= −∆Ps), Eq. (4.2) can be 

treated as follows.  

s

tis
s

s h
PP

dt
dhηα

dh
dP −

=⎟
⎠
⎞

⎜
⎝
⎛−=  

∫∫ =−=−
sh

0H
sss

t

0
ss dhhηαtP∆dtP∆  

When αs is determined as a function of hs, we can investigate the right term of Eq. (4.4). 

The αs is expressed by Eq, (4.5) (see Eq. (3.18) in chapter 3). 

3i0s

s2i02s )VHh(
h)VH(BSα

−
=  

That is, the pressure drop −∆Ps (= Pt − Pi) for an initially flocculated suspension is 

calculated by Eq.(4.6), 

( ) ∫ −
=−

sh

0H
s3i0s

2
s2

i02s dh
)VHh(

hVHBSηtP∆  

where BS2 is treated as a constant value. The integration of the right term, named as 

(4.2)

(4.4)

(4.6) 

(4.3)

(4.5) 



 66

R(hs), is given by Eq.(4.7), 
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Since −∆Ps becomes greatly larger than −∆Pm with decreasing hs, −∆Ps gives a good 

approximation of ∆Pt (= Pt − P0). Equation (4.6) is completely different from Eq.(4.1) 

and also compared with the experimental result. 

 

4.4.3  Filtration kinetics of SiC suspension 

    Figure 4.2 shows the typical accuracy of applied pressure at 0.1 MPa (a) and 1 

MPa (b) as a function of filtration time. The piston was rapidly moved at a rate of 5 mm 

/ min in the initial stage to reach the applied pressure. The control of the filtration 

pressure was difficult at a lower pressure. The deviation of the applied pressure was 

2.4−9.9 % in the pressure range from 0.1 to 1 MPa and less than 1% at 3−10 MPa, 

respectively. 

   Figure 4.3 shows the relation between height of ht and pressure filtration time at a 

constant value of ∆Pt = 0.1 MPa (a), 0.4 MPa (b), 3 MPa (c) and 10 MPa (d) for the 

flocculated 30 nm SiC suspension at pH 7.0. The experimental results were analyzed 

based on the established filtration theory (Eq. (4.1)) and the proposed theory in this 

paper (Eqs. (4.6) and (4.7)). As seen Fig. 4.3, Eq. (4.1) for the established filtration 

model deviated largely from the experimental results in the wide applied pressure range. 

However, a good agreement was recognized between the results and Eq. (4.6) for a new 

filtration model. In the last stage of the consolidation, the measured height of piston 

became lower than the prediction from Eq. (4.6). That is, it is concluded that the  

(4.7) 
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proposed new filtration model is effective to understand the consolidation process of 

nanometer−sized flocculated particles at a constant pressure except for the final stage of 

consolidation. 

 

4.4.4  Packing density of SiC particles 

Figure 4.4 (a) shows the packing density of SiC particles after the pressure 

filtration and calcination at 1000 ºC. The packing density of 30 nm SiC increased 

gradually from 18 % at 0.1 MPa to 37 % at 10 MPa. Little difference of the packing 

density was measured before and after the calcination at a high pressure range (> 1 

MPa). The increase of the density by the calcination for the compacts consolidated at a 

low pressure range (< 1 MPa) reflects the shrinkage of the compacts during the drying. 

The packing density at 0.1–1 MPa converged to 30 vol% after the calcination. Figure 

4.4 (a) shows also the solid content of suspension during the pressure filtration at a 

constant crosshead speed of piston (0.5 mm / min). The difference of the packing 

density between constant pressure and constant compressive rate becomes smaller at a 

higher pressure. This result indicates that the pressure filtration at a constant 

compressive rate to 10 MPa can save the forming time to achieve a similar packing 

density as compared with pressure filtration at a constant pressure. Figure 4.4(b) shows 

the relationship between applied pressure and BS2 value in Eq. (4.6). This value 

increased with increasing applied pressure and showed a similar tendency to the packing 

density. That is, the increased packing density causes the increase of specific surface 

area (S) of the consolidated cake. 
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4.4.6  Accuracy of developed filtration model 

    As discussed in section 4.4.3, the filtration model for a flocculated suspension 

explains well the consolidation behavior of 30 nm SiC particles (Fig. 4.3) but the 

deviation between the theory and experimental result was observed at a longer filtration 

time. This deviation is discussed in this section. Figure 4.5(a) shows again the height of 

compressive piston as a function of filtration time at 400 kPa of applied pressure. The 

dotted line represents Eq. (4.9) for the proposed theory. Figure 4.5(b) shows the 

corresponding measured and calculated αs values (specific resistance of filtration). The 

αs (observed) value was determined by Eq. (4.8) based on Eqs. (4.2) and (4.3) using the 

measured ht in Fig. 4.5(a). 

⎟
⎠
⎞

⎜
⎝
⎛−

⎟⎟
⎠

⎞
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⎝
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h∆η
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P∆

)obs(α
t

t

t

s  

The ∆t was set to 1 minute to measure the difference of ht (∆ht). On the other hand, Eq. 

(4.8) under a constant BS2 was used to simulate αs. Both the αs values in Fig. 4.5(b), 

which changed with filtration time, showed a good agreement in the filtration time of 

0−0.7 h. At a longer filtration time approaching the final stage of consolidation, the αs 

(obs) value increased rapidly with a small increase in filtration time and reached a 

constant value. Figure 4.5(c) shows the solid content of flocculated particles determined 

by Eq. (4.5) using the measured and simulated ht values. The measured solid content 

increased gradually with filtration time and reached 20 % after 0.9 h of filtration time. 

The difference of two ht values in Fig. 4.5(a) is well reflected in the difference of solid 

content in Fig. 4.5(c). 

    In this section, the filtration process of a flocculated suspension was analyzed by  

(4.8) 
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Eq. (4.9) at a constant BS2 value. Of course, B and S values depend on the structure of 

flocculated particles which changes with the height of the suspension. Unfortunately, 

the function to correlate B or S with hs is not analyzed in this paper. The derived model 

treats the BS2 value as an experimental constant and represents the densification of 

flocculated structure to the close packing structure (packing density 74%). This change 

of solid content is shown in Fig. 4.5(c) as a dotted line. However, the structure of the 

actual flocculated particles did not converge to the close packing structure and reached 

only 20% of packing density. In the final stage of actual consolidation, the difference of 

αs values between the experiment and theory becomes larger. In other words, the 

difference of ht, αs and solid content between the experiment and theory becomes larger 

when the flexibility of deformation of flocculated particles was reduced. As seen in Fig. 

4.5 (a), (b) and (c), the relatively good agreement of the experiment and theory in the 

filtration time of 0−0.7 h is related to the high deformation ability of flocculated 

particles. 

    Figure 4.6 shows the αs (cal) / αs (obs) ratio at the applied pressure of 0.1-10 MPa 

as a function of solid content of flocculated suspension during the filtration (Vj in Eq. 

(4.5)). This ratio represents the accuracy of Kozeny−Carman model for the flocculated 

particles at a constant value of BS2 in Eq. (4.8). The ratio showed a maximum value at a 

certain Vj (Vj(max)), depending on the applied pressure. In the range of Vj >Vj(max), 

the flocculated particles lose the flexibility of deformation and converge to a structure 

of low packing density. In this range of Vj >Vj(max), the difference of αs (cal) and αs 

(obs)  becomes larger as shown in Fig. 4.5(b). The maximum value of αs(cal) / αs(obs) 

ratio provides a limited accuracy of the developed model. Figure 4.7 summarizes the 

maximum value of αs(cal) / αs(obs) ratio and corresponding Vj(max) as a function of  
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applied pressure. When the flocculated suspension is consolidated within the solid 

content below the Vj(max) at a given applied pressure (Fig. 4.7(b)), the consolidation 

behavior is well simulated by the developed model (Eqs. (4.9) and (4.10)) with the 

accuracy shown in Fig. 4.7(a). The accuracy represented by the maximum value of 

αs(cal) / αs(obs) ratio was in the range from 1.2 to 3.9. The relatively large ratio at 3 

MPa is under investigation. 

 

4.5  Conclusions 

    A new model of pressure filtration for a flocculated suspension was constructed. A 

suspension of 5 vol% 30 nm SiC at pH 7.0 was filtrated at a constant pressure in the 

range from 0.1 MPa to 10 MPa. The measured filtration kinetics deviated from the 

filtration theory established for well dispersed particles. On the other hand, a good 

agreement was recognized between the experiment and the newly developed filtration 

model for flocculated particles except for the final stage of consolidation. The difference 

of the height of compressive piston, specific resistance of filtration and solid content of 

the suspension between the experiment and the derived theory became larger when the 

deformation ability of flocculated particles was reduced during the filtration. The 

packing density increased from 18 % at 0.1 MPa to 37% at 10 MPa. This change in 

packing density is closely related to the product of BS2 term in newly developed theory, 

where B is the ratio of the shape factor to the tortuosity constant and S the ratio of the 

total solids surface area to the apparent volume of the flocculated particles. 
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Chapter 5   

 

Sumarry 

 

    This study clarified the consolidation characteristics of nanometer-sized ceramic 

particles in aqueous suspensions under application of external pressure of 0-19 MPa. 

The filtration kinetics was analyzed based on the established theory for a well dispersed 

suspension and newly developed filtration model for a flocculated suspensions. 

 

   Chapter 1 explains characterization of nanometer-sized ceramic particles, 

forming method of ceramics, and established pressure filtration theory. The purposes of 

this research are (1) to measure the relation between filtration pressure or filtration time 

and height of compressive piston, (2) to clarify the influence of particle size and 

dispersant on the consolidation characteristics and (3) to analyze theoretically the 

consolidation behavior.  

In Chapter 2, the pressure and energy required to consolidate an aqueous 

suspension of nanometer-sized colloidal particles (24 nm hydroxyapatite, 30 nm SiC, 68 

nm YSZ, 150 nm Al2O3 and 800 nm SiC) were continuously measured using a 

developed pressure filtration apparatus. The packing density decreased when particle 

size was less than 70 nm. The final packing density of 150 − 800 nm particles at 19 

MPa was strongly influenced by the surface charge. However, surface charge does not 

affect the packing density of particles less than 70 nm. The ratio of the energy applied to 

two particles during consolidation to the interaction energy between two particles in a 

suspension was correlated to the packing density. The low packing density of 20 − 30 
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nm particles was improved by steric stabilization. The estimated thickness of the 

dispersant layer adsorbed on the particle surfaces was less than 1 nm and nearly 

independent of the molecular weight of the dispersants. When the applied pressure was 

released, the height of the consolidated cake increased because of the release of the 

elastic strain stored in the dispersant layer. 

In Chapter 3, the consolidation behavior of nanometer−sized particles at 20−800 

nm was examined using a pressure filtration apparatus at a constant compressive rate. 

The relation of applied pressure (∆Pt)−volume of dehydrated filtrate (Vf) was compared 

with the established filtration theory for the well dispersed suspension. The theory was 

effective in the early stage of the filtration but deviation between the experiment and the 

theory started when ∆Pt exceeded a critical pressure (∆Ptc). It was found that this 

deviation is associated with the phase transition from a dispersed suspension to a 

flocculated suspension at ∆Ptc. The factors affecting ∆Ptc are zeta potential, 

concentration and size of particles. Based on the colloidal phase transition, a new 

filtration theory was developed to explain the ∆Pt−ht (height of suspension) relation for 

a flocculated suspension. A good agreement was shown between the developed theory 

and experimental results. 

In Chapter 4, aqueous 5 vol% suspensions with 30 nm SiC particles at pH 7.0 

were filtrated at a constant pressure of 0.1−10 MPa to form the compacts of 18−37 % of 

theoretical density. The packing density became higher at a higher pressure. The 

filtration kinetics deviated from the filtration theory established for the suspension 

containing well dispersed particles. A new filtration model for a flocculated suspension 

was developed. The experimental results were well explained by the developed theory 

except for the final stage of consolidation. When the deformation ability of flocculated 
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particles was reduced, the difference of the consolidation behavior between the 

experiment and the derived theory became larger. 

In this thesis, the consolidation behavior of nanometer-sized powder through the 

pressure filtration was clarified experimentally and simulated by the new filtration 

model for a flocculated suspension. The above information is very useful in the 

industrial forming process of advanced ceramics and can save the forming time and 

forming cost.  

As a remaining problem, the low packing density is pointed out for 

nanometer-sized particles. The measured packing density of nanometer-sized ceramic 

particles did not exceed 50 % of theoretical density. Application of vibration or external 

electric field may be effective to promote dense packing of colloidal particles. 
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