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V. Particle Packing, Consistency,
and Batch Calculation



Chapter 13: Particle Packing Characteristics

á The geometrical characteristics of the particle system have significant impact on the
particle arrangement and the packing density, size and shape of pore interstices, and
microstructure development during sintering .

â Processing systems with particular distributions of particle sizes and shapes are
produced by selecting and blending raw materials with different initial characteristics
and by subsequent crushing, grinding, dispersion, classification, and granulation
operations .

Powder characteristics: 
monosize distribution / log- normal size distribution / bi- modal size distribution

wide    PSD Ą r0 Ü : for refractories, white wares, etc.
narrow PSD Ą r0 Þ : for most fine ceramics



Packing Density 
= Fraction of the bulk volume occupied by spheres*100

Configuration
Coordination 

Number

Packing 

Density (%)

Cubic 6 52.4

Orthorhombic 8 60.5

Tetragonal 10 69.8

Tetrahedral 12 74.0

Pyramidal 12 74.0



Theoretical max. packing fraction, Pf max for a mixture of coarse, medium and fine particles

PFmax = PFc + (1- PFc)PFm + (1- PFc)(1- PFm)PFf

PFmax is achieved when the ratio between
nearest sizes is greater than 7



PFmax = PFc + (1- PFc)PFm + (1- PFc)(1- PFm)PFf

= 0.605
= 0.605 + (1 - 0.605)*0.605 = 0.605+0.239 = 0.844
= 0.605 + (1 - 0.605)*0.605 + (1- 0.605)(1- 0.605)*0.605 = 0.938



Hindered packing due to
die friction
coagulation, flocculation, adhesion forces
absorbed binder i˾f not flexible



Boundary Conditions:
X- axis = Periodic
Y- axis = Periodic
Z- axis = Top Move Down/ Bottom Fix

Simulation Box
X- axis = - 0.05 ~ 0.05 cm
Y- axis = - 0.01 ~ 0.05 cm
Z- axis = 0.0 ~ 0.4 cm

21600 Particles in the Box
Large = radius 0.01 cm / mass(volume) = 45%
Small = radius 0.002 cm / mass(volume) = 55%

* Discrete Element Method



Z

x

y

Simulation Box = [( - 0.5, 0.5),( - 0.5, 0.5),(0.0, 4.0)] mm

Boundary Condition = [X - Periodic, Y - Periodic, Z - Fixed]

Number of Particles : Min. 245 ~ Max. 21600

Size Ratio, R f / Rc : Min. 1/9 ~ Max. 1/3

- Reference Size, Rc = 100 ȋm

Volume Fraction of Fine Particles, V f : Min. 0.0 ~ Max. 0.6

Max. Pressure of the Upper Punch for Compaction : 100 MPa
- Punch Speed = 40 cm / s

Parameters Values Remarks

Particle Density, ʉ 3.58 g/cm 3 Density of MgO

¾ÔÚÓÌ̃Ød²ÔÉÚÑÚØpdª 249 GPa MgO value

Restitution Coefficient, e 0.93 Glass ball on granite plate

Sliding Friction Coefficient, ʄs 0.03

Rolling Friction Coefficient, ʄr 0.2

Poisson Ratio, ʅ 0.18 MgO value

Cohesion Energy Density* 3.0 * 10 7 J/m 3 3.5*10 - 2 eV/molecule

*) Cohesive Energy of Van der Waals Bonding å several meV
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Results

The results of the simulation are very similar to the particle packing behavior
that we have expected .
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Chapter 14: Batch Consistency and Formulation

The consistency( ╜ˏ) of a particular batch  is a function of many parameters:

1. The amount, distribution, and properties of the liquid phase

2. The amount, sizes, and packing of the particles

3. The types, amounts, and distribution of additives adsorbed on the surface of the particles

4. The inter - particle forces between the particles which may be attractive or repulsive

Rfcforming behavior is significantly changed by alteration of the consistency.

DPS (degree of pore saturation) = volume of liquid/pore volume

elastic plastic viscous



Five consistency states:

1. Bulky powder (no liquid)

2. Agglomerates (granules)

3. Plastic body

4. Paste

5. Slurry

Refer to Fig. 14 - 2

DPS (degree of pore saturation) = volume of liquid/pore volume

DPS < 1

D
P

S
 =

 1

DPS > 1



Spring Back occurs in materials 

such as powder, granules, plastic body whose DPS 

<= 1



VI. Particle Mechanics and Rheology



Uniaxial compression of a particle system confined in a rigid die (dry pressing)
Normal & tangential forces at particle contacts causes translation & rotation 
of particles

Ą particle rearrangement
Ą change bulk volume
Ą change shape

Intense contact stress Ą local plastic deformation and fracture

Absorbed surfactants (and/or binders) and pore fluids
Ą particle sliding Üby friction coefficient Þ

Chapter 15: Mechanics of Unsaturated Bodies



Inter - particle Friction

Amonton law : T R = Cf N (independent of contact area)
(TR: resistive force / C f : coefficient of friction / N: normal force)

Angle of friction:  tan f= TR / N = C f

* Static shear force > shear force to maintain sliding

* Rolling friction < sliding friction

f

TR

N

T

F=mg
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Therefore, friction coefficient substantially depends on state of the contact

surfaces and yield strength of the material .

á For a contact between a hard and a soft materials ,

friction is dominated by mechanical properties of softer material .

For a contact of different surface states , sliding depends on chemical adhesion 

and physical resistance (rough surface) - take a look at the next figure.
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Oil on non cleaned 
contact surface

Oil cleaned by 
chemical cleaning

Effect of surface roughness



Lubrication

Boundary lubrication :  oriented adsorbed polar compound 
stearate , stearic acid
CH3(CH2)16COOH & its salts

- COOH:  carboxyl group strongly bonded to oxide surface
low shear resistance between first & second layers

Fluid lubrication (hydrodynamic lubrication):
interfacial lubricating film thickness > surf. Irregularities
friction depends on fluid viscosity (water, oil, aqueous emulsions, etc.)

Solid lubricant :  laminar molecular structure
talc, graphite, BN



Rheology( ):  the study of the flow of matter

Rheological behavior:

(1) important in designing or selecting equipment 

for storage, pumping, transporting, milling, mixing, atomizing & forming

(2) important for casting, spray - drying, injection molding, extrusion, glazing, 

pasting for surface printing & decoration

Chapter 16: Rheology of Saturated Systems
(Slurries and Pastes)



Paste:

a very thick viscous fluid mixture composed of a pulverized solid and a 

liquid.

Slurry:

a thin and viscous fluid mixture composed of a pulverized solid and a 

liquid.

(Slip:   a  slurry of solid particles suspended in water. )

Suspension( ):

a heterogeneous mixture in which the solute particles do not dissolve,

but get suspended throughout the bulk of the solvent.



Rheological behaviors are significantly affected by

(1) additives (electrolytes, dispersants, binders, plasticizers, etc.)

(2) solid concentration

(3) dispersion

(4) particle packing

(5) particle size & distribution



1. Rheological Properties

Solid :

Liquid :

relaxation by re - arrangement



Viscosity [ ǈ] = Pascal*Sec = Poise



In liquids and solutions
containing large molecules and
suspension containing non-
attracting anisometric particles ,

laminar flow may orient the
molecules or particles to
reduce the resistances to
shear.

In moderately concentrated
suspensions containing large
agglomerates and concentrated,
deflocculated slurries,

with increasing in shear rate,
particle interference and
apparent viscosity increases.

= pseudo-plastic

= dilatant



Agglomerate : particles coming together in large numbers
Floc : particles coming together in several numbers



Solid:
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Solid- to- Fluid state transition : Bingham, etc .



Slurries containing a linkage of
bonded particles require a finite
stress called the yield stress to
initiate flow .



2. Determination of Viscosity

Suspension( ):

a heterogeneous mixture in which the solute particles do not dissolve,

but get suspended throughout the bulk of the solvent.

Colloid( ):

a mixture in which one substance of microscopically dispersed insoluble 

particles is suspended throughout another substance.

(solid, liquid, gas)

(solid, liquid, gas)

(solid)

(liquid)



(1) Measurement of Molecular Liquids and Colloidal Suspensions

One of the cylinders is rotated at a set speed. This determines

the shear rate inside the annulus. The liquid tends to drag the

other cylinder round, and the force it exerts on that cylinders

(torque) is measured, which can be converted to a shear stress.
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(2) Apparent viscosityMeasurement of Slip and Slurry

https://youtu.be/gEzBEnIGj6k?si=o - 85ohClz2LFy58b
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3. Viscosity of Binder Solutions



VII. Beneficiation ( , )



Chapter 17: Comminution ( )

Forces involved in comminution
1.  Impact
2.  compressive
3.  Shear
4.  Abrasion

Size reduction
crushing( )Ą(grindingĄ) milling( )

Purpose of Milling
1.  Mixing effect
2.  Disintegration of agglomerate
3.  Size reduction & Control of its distribution

Milling Equipment
ball mill
vibratory mill
attrition mill
fluid energy mill
roll mill



Ball Mill









* (milling)

1. media collision frequency -

- media ´ª»¦

- media ·¦­°¤ªµº

2. particle impact frequency

- media ,

-

- wet milling slurry solid loading viscosity

3. particle fracture

- - >



Wet milling
(Dry milling)

Tumbling mill (Ball mill)
Vibratory mill
Attrition mill
Fluid energy (Jet) mill
Colloid mill

Wet milling

Ball milling

mill jar: half filled with balls and slurry
mill speed: c Hz = 0.5 R 1˾/2 (R(meters) = mill radius)

normally (0.65- 0.85)* c

slurry viscosity Þ- dispersant
solid content of slurry Ü- dispersant
grinding rates

media size Þ
media density Ü
mill size Ü
effective grinding additives (milling aids)

Ą npctclr f_pb n_ai dmp bpw kgjjgle

cylindrical media Ą narrow PSD
powder dispersion/de - agglomeration

contamination
wear of media & mill Ą polyurethane mill/lining

Milling

ex) Jar radius R = 0.5 m

▄˾ ♆Ὕ( c Hz) = 1/(2ãR) = 0.707

♅♩ ♆Ὕ = 0.46~0.6 Rev/Sec



ţ ₩:  = 
where g = ~ ₩, r : ˏ Ŝ

₩= 0.65 ~ 0.8 c 60 (rpm)





Granules:  controlled agglomerates

Chapter 20: Granulation ( )

Spray Drying















Spherical SiC granules 
obtained by spray drying

(a rotary spray dryer)



Relatively uniform sized & spherical granules. normally 50 2˾00 mm

Aclrpgdse_j &pmr_pw' _rmkgxcpNozzle atomizer
lower operating pressure
feed rate & capacity Ü

need larger diameter chamber
produces more spherical granules

Slurry:  slightly flocculated , pseudo- plastic, de - foamed (free of air bubbles)
high solid content (~30 vol%)

Droplet size :
atomizer speed (e.g. rpm)
feed rate of slurry
solid content
viscosity of slurry

Spray Drying



Aqueous system

Non-aqueous (solvent) system needs explosion-proof chamber

To prevent donut or crater shapes:

slightly flocculated

inlet temp Þ

binder content Þor  its molecular weight Þ

solid loading Ü

Control of inlet & outlet gas temperature is one of important parameters.



VIII. Forming ( )



Rule of thumb

Solid content : ~ 30 vol%

Dispersant : 1~0.5 wt%

Binder :      1.5 wt%

Plasticizer :  0.5~1 wt%

Raw Materials

Pressing at 100MPa

(CIP 135 MPa)

Sintering

Batch Calculation

& Weighing

Mixing &

Ball-milling

Spray Drying 

Dispersant : dispersing the particles to form stable suspension

Binder : providing strength to the green body, add up to a few %

Plasticizer : softening the binder to increase flexibility of the green body

Lubricant : reducing the resistance to sliding

De-foamer : removing foams in the slurry by lowering surface tension

Weighing: Solvent + Dispersant -> Mixing -> Adding raw powders and

then mixing for a while, in the order of amounts such as ½ ,¼ ,and ¼ of

total amount of powders.

Ball-milling for a sufficient hours

Adding binder and plasticizer, and, if necessary, lubricant and then

mixing for a while e.g. 1h

Typical Ceramic Processing
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Reduction of Green Body Failure by Lubrication
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Binder
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Reduction of Failure by Strengthening Green - body and Providing Flexibility



Binder

Binder + Plasticizer

No Binder
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F = mg

Tool in machining

Deformation around the tool

Addition of binder suppresses the cracking of

body by increasing its fracture strength

Additional addition of plasticizer endows the

body with flexibility by increasing fracture

strain



Reduction of Forming Pressure and Spring - back by Addition of Additives

Binder

Binder + Plasticizer

No Binder
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Powder Preparation by Precipitation Reaction

(2) Filtering the solution to remove precipitates Fe(OH)2ɡ

pH

L
o

g
 [

M
+
]

Fe2+

Mn2+

Mg2+

0

-3

-9

-6

7 95 113

9.6

Soluble

A

B C

(4) The precipitates Mg(OH)2ɡ ehm`kkx bnms`hmr 0}1$ Mn(OH)2ɡ



(2) 2nd Origin:

Before calcination (1) Use raw powders as small as possible

(2) Pack raw powder as loose as possible

(3) Lower calcination T

(4) Ball-mill the calcined powder

Calcined Powder

Water
MO

MO MO

Dried Powder

(1) Use organic solvent

(2) Use surfactant, etc.

(1) 1st Origin:

Origin of Aggregate Formation and Its Suppression



Local Inhomogeneity in Powder Packing

(1) Results in pores, pore size distribution, voids, even cracks

(2) Results in distortion, warpage, lamination, etc. 

Heat-treatment

Processes whatever it is should be conducted for the green body to be as homogeneous as possible



Filling Compaction & Shaping Ejection

Die & Punch (high wear resistance)
- hardened steel
- carbide
- acp_kga glqcprq

Additives
- Plasticizer  Č bcdmpk_`gjgrw
- Lubricant  Č bgc uc_p $ chcargml npcqqspc

Chapter 22: Pressing

1. Uniaxial Pressing





Stages of Dry Pressing Effect of Plasticizer on Compact Density



Pressure gradient during dry pressing



Effect of Lubricant



Effect of Plasticizer on Springback



1.  Pressure gradients within the compact produced by die wall friction.

2.  Non- uniformities in elastic compression in the compact due to variable granules,

non- uniform filling, or compressed air.

3.  Frictional restraint at the die wall on ejection due to surface roughness and/or poor

die wall lubrication.

4.  The differential springback between the ejected portion and the unejected portion of 

the part constrained by the die.

Control of compact defects

- Dry- pressed compact  :  Lamination & Crack Differential springback (ejection)

Differential Springback

- Defects

1. Lamination

2. End capping

3. Ring capping

4. Vertical cracks in the exterior region

5. Shape distortion on sintering

6. Extremely large pores in compacts
Lamination End capping Ring capping



2. Cold Isostatic Pressing (CIP) - one elongated dimension
- complex shape
- j_pec tmjskc



Chapter 25: Drain Casting and Solid Casting

Qjgn 8 ?oscmsq qjsppw amlr_glgle dglc aj_w

Drain Casting (slip casting)

Slurry

Product

Porous gypsum mold

3. Slip Casting



Solid Casting



Capillary suction

Concentration & coagulation of the particles  in the slip near the mold surface

Č

Mold

Particles
Capillary suction of water

Advantage

- relatively low - capital cost

- allow complexity of product shape 

Disadvantage

- lower production rate

- lower dimensional precision 







Acceleration of casting rate

- Pressure casting

- Vacuum- assisted casting

- Centrifugal casting

Pressure Casting

thin filter papers



Table 25.6   Defects in Casts

Macroscopic Defects Microscopic Defects

Variable wall thickness Large pores

Differential wall thickness Particle size segregation

Shape distortion Particle density segregation

Macroscopic cracks Small cracks, laminations

Voids within the part Packing fraction gradients

Void on mol/cast surface

Bubble in cast

Pin holes

Wavelike drained surface

Uneven drained surface

Control of defects in casts (Reading Assignment: Section 25.8 pp. 518 - 21)

1. Inadequate Control of Wall Thickness
2. Shape Distortion
3. Macroscopic Cracks
4. Voids
5. Bubbles and Pin Holes
6. Surface Irregularities
7. Microscopic Defects



4. Tape Casting

Chapter 26: Tape Casting



Tape casting is widely used to fabricate thin and flat ceramics : 
electronic substrate, MLCC, LTCC, fuel cell, layer composites, etc .

Fig. 26.10  Schematic of co - fired multilayer manufacturing process 
for alumina electronic packaging using tape.



LTCC - J. Of KCS (2005)
(A: Ag- Pd printed
B: Glass ceramics dielectrics)

1.6 x 0.8 x 0.8 mm

MLCC



Variables
viscosity of slurry
homogeneous mixture 
_bcos_rc sqc md _bbgrgtcq &`glbcp* nj_qrgagxcp* '



Typical slurry formulations



Tape Casting Density Batch[g] Volume Vol.% Vol.%Dried

BaTiO3 6.02 77.2 12.82392 0.345035 0.5378547

MEK 0.805 4.2 5.217391 0.140377

-

EtOH 0.78945 6.4 8.10691 0.218121

Phosphate Ester 0.9727 0.3 0.30842 0.008298

0.4621453

Acryl Resin 1.0511 7.1 6.754828 0.181743

Butylbenzyl Phthalate 1.1 2.2 2 0.053811

Polyethylene Glycol 1.125 2.2 1.955556 0.052615

Sum 99.6 37.16703 1 1



Azeotropic mixture ( )

https://en.wikipedia.org/wiki/Azeotrope_tables

Mixture Weight Ratio %

Water/EtOH 4.5/95.5

EtOH/Toluene 68/32

EtOH/MEK 40/60

MtOH/Toluene 69/31

Vaporization rate = 9:1

Time Solution Composition of ȶ

0 36:4 10%

1 27:3 10%

2 18:2 10%

3 9:1 10%

4 0:0 0



Organic additives for tape casting





Binder + Plasticizer





- Ngnc* pmb* dg`cp*5. Extrusion

Chapter 23: Extrusion and Plastic Deformation Forming








