Powder Consolidation and
Forming of Ceramics

The common methods for the consolidation of ceramic powders are described in
this chapter. We recall that the microstructure of the green body has a significant
effect on the subsequent firing stage. If severe varnations in packing density occur
in the green body, the fired body will, in general, contain heterogeneities that
will limit the engineering properties. The homogeneous packing of particles in
the green body is the desired goal of the consolidation step. Since the packing
lensi s 1  shrinkase durine fir : hi  hicl
packing density 15 also desirable. Geometrical particle packing concepts provide
a useful basis for understanding how the structure of the consolidated powder
comes about. An important practical consideration 15 the extent to which the
parameters of the consolidation process can be manipulated to control the packing
uniformity and packing density of the green body.

The colloidal techniques described in Chapter 4 provide considerable bene-
fits for the control of the packing uniformity of the green body. The production

of green bodies with uniform microstructure from a fullv stabilized colloidal

suspension of spherical, fine, monodisperse particles has not been incorporated

1t industrial anplications wi uction is desired and fabricati

15 a sertous consideration. Colloidal techniques, however, play an important role

in_the low-cost forming methods of slip casting and tape casting, as well as in

the less commonly used methods of eletrophoretic deposition and gel casting.
Mechanical compaction of dry or semidry powders in a die is one of the
most widely used forming operations in the ceramic industry. In general the
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vanations lead to density vanations in the ereen body, thereby placing considera-
ble limits on the deeree of packing uniformity that can be achieved. Although the

structure than the casting methods.
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route for the mass production of ceramic green bodies. Extrusion 1s used exten-

sively in the traditional ceramics industry and to a lesser extent in the advanced
ceramics sector. [njection molding has been the subject of intense investigation
In recent years, but it has not yet made any significant inroads in the forming of
ceramics for industrial applications.

The common forming methods are summanzed in Table 6.1.




TaBlE 6.1 Feed Materials and Shapes of the Green Body for the Common Ceramic
Forming Methods

Forming method Feed material Shape of green body
Dry or semidry pressing
Die compaction Powder or free-flowing Small simple shapes
oranules
Isostatic pressing Powder or fragile granules Larger, more intricate
shapes
Casting of a slurry
Slip casting Free-flowing slurry with Thin intricate shapes
low binder content
Tape casting Free-flowing slurry with Thin sheets

high binder content
Deformation of a plastic mass

Extrusion Moist mixture of powder Elongated shapes with
and binder solution uniform cross section
Injection molding Granulated mixture of Small intricate shapes

powder and solid binder




PACKING OF PARTICLES

The packing of particles is treated in texts by German (1) and Cumberland and
Crawford (2). Particle packing 1s commonly divided into two types: (1) regular (or
ordered) packing and (2) random packing. The commonly used ceramic forming
methods produce random packing arrangements, but regular packing is typically
the first structure encountered in models. partly because of their similarity to
crystalline atomic structure. Several parameters can be used to charactenze the
packing arrangement, but two of the most widely used are

1. Packing density (also referred to as the packing fraction or the frac-
tional solids content), defined as

volume of solids

Packing density =

total volume of the arrangement fsnlids + vnids] (6.1)

2. Coordination number, which 1s the number of particles in contact
with any given particle.

The packing density is an easily measured parameter that provides much insight
about the behavior of a powder.



Regular Packing of Monosize Spheres

The reader would be familiar with the packing of atoms in crystalline solids to
produce regular, repeating, three-dimensional patterns such as the simple cubic,
body-centered cubic, face-centered cubic, and hexagonal close-packed structures.
The packing density and coordination number of these crystal structures for a
pure metal are listed in Table 6.2.

TaBLE 6.2 Packing Density and Coordination Number of Some Common Crystal
Structures for a Pure Metal

Crystal structure Packing density Coordination number
Simple cubic 0.524 6
Body-centered cubic (.680 8
Face-centered cubic 0.740 12
Hexagonal close-packed 0.740 12




Random Packing of Particles

Two different states of random packing have been distinguished. If the particles
are poured into a container that 1s then vibrated to settle the particles, the resulting

B &

FIGURE 6.1 Two types of layers for the regular packing of monosize spheres: (a) square
and (b) rhombic or triangular.

packing arrangement reaches a state of highest packing density (or minimum
porosity ) referred to as dense random packing. On the other hand, if the particles
are simply poured into the container so that they are not allowed to rearrange and
settle into as favorable a position as possible, the resulting packing arrangement 1s
referred to as loose random packing. An infinite number of packing arrangements
may exist between these two limits. The packing densities of a powder after
pouring and after being vibrated are commonly referred to as the poured density
and the tap density, respectively.



1etrogonal— sphennidal rhombohedral

FIGURE6.2 The four packing arrangements produced by stacking square and triangular
layers of monosize spheres.

TaBLE 6.3 Packing Density and Coordination Number for Regular Packing of
Monosize Spheres

Packing arrangement Packing density Coordination number
Cubic 0.524 6
Orthorhombic 0.605 8
Tetragonal-sphenoidal 0.698 10

Rhombohedral 0.740 12




Monosize Particles

Dense random packing of monosized spheres has been studied expenimentally
by shaking hard spheres in a container. The upper limit of the packing density
consistently ranges from 0.635 to 0.640 (4). Computer simulations give a value
of 0.637 (5). The maximum packing density for random packing of monosize
spheres 1s predicted to be independent of the sphere size, and this prediction has
been verified experimentally. For loose random packing of monosize spheres,
theoretical simulations as well as experiments give values in the range 0.57-0.61
for the packing density.

TaBLE 6.4 Dense Random Packing Density for Various Particle

Shapes
0.7
Particle shape Aspect ratio Packing density
- Sphere 1 0.64
¥ 06| Cube I 0.75
£ Rectangle 2:5:10 0.51
= Plate 1:4:4 0.67
x Plate 1:8:8 0.59
R Cylinder 5 0.52
Cylinder 15 0.28
Cylinder 60 0.09
o4 Disk 0.5 0.63
o Tetrahedron 1 0.5
Reative roundness Source: Ref. 1.

FiGUuRE 6.4 Packing density versus relative roundness for randomly packed monosized
particles. (From Ref. 1.)



Bimodal Mixtures of Spheres

The packing density of an arrangement of spheres in dense random packing can
be increased by filling the interstitial holes with spheres that are smaller than
those of the original structure (Fig. 6.5a). For this type of random packing of a
binary mixture of spheres, the packing density 15 a function of (1) the ratio of
the sphere diameters and (2) the fraction of the large (or small) spheres in the
mixture.

By filling the interstitial holes with a large number of very fine spheres,
we can maximize the packing density of the binary mixture.

(2] b)

FiGURE 6.5 Increase in packing density achieved by (a) filling the interstices between
large spheres with small spheres and (b) replacing small spheres and their interstitial
porosity by large spheres.



ADDITIVES AND CERAMIC FORMING

In the forming of ceramics, the use of certain additives, sometimes in concentra-
tions as low as a fraction of a percent by weight, is often vital for controlling
the charactenstics of the feed material. for achieving the desired shape, and for
controlling the packing uniformity of the green body. In methods such as tape
casting and injection molding, the selection of suitable additives forms one of
the most vital parts of the forming process. The additives are either organic or
inorganic in composition. Organic additives, which can be synthetic or natural
in origin, find greater use in the forming of advanced ceramics because they can
be removed almost completely (e.g.. by pyrolysis) prior to the sintering step.
Therefore the presence of residues that can degrade the microstructure of the
final product i1s largely eliminated. Organic additives can also be synthesized
with a wide vanety of compositions so they provide a large number of chemicals

for specialized applications. Inorganic additives cannot generally be removed
after the forming step and are used in applications, particularly in the traditional
ceramics industry, where the residues do not have an adverse effect on the proper-
ties of the final product.

The additives serve a variety of specialized functions. which may be divided

culants), (3) binders. and (4) plasticizers.




1 Solvents
Liquids serve two major functions:

1. Prowvide flmdity for the powder during forming.

) S | for dissolving the add be | I
the powder, thereby providing a means for uniformly dispersing the

additives throughout the powder.

The selection of a solvent mvolves basically a choice between water and an
organic ligumid. Organic solvents generally have higher vapor pressure, lower
latent heat of vaponization, lower boiling point, and lower surface tension than
water, due in a large part to the strong hydrogen bonding of the water molecules
(Table 6.6). Several common organic solvents also have a lower viscosity than
water. The actual choice of a liquid for a given application often involves the
he abili fissolve ofl ditiv [E:I perue 3) abili £ :|:
powder, (4) viscosity. (5) reactivity towards the powder. (6) safety, and (7) cost.

Generally, solubility of the solid in the liguid 15 enhanced if the chemicals

have similar functional groups [e.g.. poly(vinyl alcohol) and water. which contain

OH groups] or similar molecular polarity [e.g.. polyivinyl butyral) and ethanol].

tapes. Water 1s used occasionally for thin tapes. The evaporation rate of a liquid
15 determined by its latent heat of vaporization, but the boiling point i1s sometimes
used as a rough guide. A mixture of solvents (e.g., trichloroethylene and ethanol)
15 sometimes used in tape casting to control the solubility and evaporation rate.




Wetting of a solid by a liguid 1s defined in terms of the contact angle @
(sce Fig. 5.19). given |

Yov — Tar
Yiv (6.6)

cosd =

where v, v, and vy, are the surface tensions of the solid—vapor, solid—liquid.

and liguid—vapor interfaces, respectively. Good wetting (low 8) is desirable in
practice and, according to Eq. (6.6), 1s promoted by a low value of ypv (f vy
: | I iderably). This is of hieved | , = sol

(low ;) or by adding a surfactant (or wetting agent) to water to reduce its
surface tension,




2 Dispersants

flocculation I:-‘.r increasing the repulsion b-etw-:en the uamcles Whll-ﬂ normally

used 1n very small concentrations (e.g.. a fraction of a percent by weight). the

meumjwl, ‘v of the sl

Dispersants cover a wide I‘-":II'IEE of chemical cnmnﬂsitinn I[EEL and for manv

facturers. We will divide dispersants into three main -:Iasses based on their chemi-

cal structure, as follows:
l. Simple 1ons and molecules

2. Short chain polvmers with a functional head (or end) eroup. com-
monly referred to as surfactants
3. Low to medium molecular weight polyvmers




2.1 Simple Inorganic lons and Molecules

Dispersants consisting of simple ions and molecules are effective in agueous
solvents. They are formed by dissociation of dissolved inorganic compounds such
as salts, acids, and bases, often referred to as electrolytes. Examples are sodium
silicate  (Na,S510:) commonly used for clays. tetrasodium pyrophosphate

(NasP-0-), sodium hexametaphosphate (NasP+0,z). sodium carbonate (Na-CO3).
and hvdrochlone acid (HCI) for oxides.

Sodium silicate forms one of the most effective dispersants for clavs. As
- - - - C 2__'__ B 2__'__ B
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less screening of the surface charge and. hence. to a greater repulsion between

the clay particles,
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Ficure 6.13 Schematic illustrating the stabilization of clay particles with sodium sili-
cate.



2.2 Short-Chain Polymers with a Functional Head
Group (Surfactants)

atoms) and a functional head group that is nonionic or ionic in nature (Fig. 6.14a).
For nonionic surfactants, the head group may be polar but does not 1onize to
produce charged species. so nonionic surfactants are commonly effective in or-
ganic solvents. Adsorption onto the particle surfaces occurs either by van der
Waals attraction or, more effectively, by stronger coordinate bonding. As illus-
{in Fig. 6.14b. usine the Lewis acid-l - :
as a Lewis base and form a coordinate bond with an atom (e.g.. Al) on the particle
surface which has an incomplete shell of electrons (Lewis acid). Stabilization

mmmﬂwwmwl i i< sol Fio. 6.14c and d. E les of

commonly used nomonic surfactants are eiven in Fig. 6.15.
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FicureE 6.14 (a) Schematic of a surfactant molecule. (b) Illustration of surfactant ad-
sorption onto an oxide particle surface by coordinate bonding. (c) Stabilization by steric
repulsion between organic tails of the surfactant molecules. (d) Stabilization by micelles.
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FiGURE 6.15 Functional head groups of some common surfactants.



lonic surfactants are described as either anionic. when the functional head
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FIGURE 6.16 (a) Dissociation of anionic and cationic surfactants to form negatively
charged and positively charged head groups, respectively. (b) Stabilization by negatively
charged surfactant. (c) Stabilization by negatively charged micelles.



2.3 Low to Medium Molecular Weight Polymers

These dispersants, with a molecular weight in the range of several hundred to
several thousand, are also classified into nonionic and ionic types. Common non-
ionic polymeric dispersants are poly(ethylene oxide) (PEO), or poly(ethylene
glycol) (PEG), poly(vinyl pyrrolidone) (PVP), poly(vinyl alcohol) (PVA), poly-
styrene (PS), and block copolymers of PEO/PS. With a higher molecular weight,

many of these polymers are effective as binders: their chemical compositions are
given in the next section (see Fig. 6.18).



3 Binders

synthetic binders are shown in Fig. 6.18. They include the vinyls. acrylics. and
the ethylene oxides (glycols).
The selection of a binder for a given forming process involves the considera-

on of T hatinclude (1) binder| I istics. (2) molecul

weight. (3) glass transition temperature, (4) compatibility with the dispersant, (3)

nvmlvs:s] prior to 51nt&nng The concentration of the hmdrzr is commonly much

hat that of the other additiv he I

importance in the selection of the binder. As discussed in detail later. the burnout

Soluble in water

—?H—CHT— —?H—CH:-—-
OH ,-"N\
il
H.C CH,
Polylvin:.ri alcohalh Pnl:.-vinylpyrmEidmg\-
—-l|DJ-E-C|-I1— {EH:
L — = H—
AN [
o] 0H i
o
0 OH
Palviacrvlic acidl Polylmethylacrylic acid
—=CHy=CHy—~0=— —CH,—CH,—NH =
Pulyiethylene glveal) and Pulyethylenimine

polytethylene oxide)
Soluble in organic solvents

Vinyls
Palviviny| butyrall —CH=—CH,~CH—-CH,—
|
L4 Q
~.
CH
é:]H,
Pelyiviny] Formali _?H_CHf‘.tI:H"CHt_
o] o
.
S
CH,
Acrylics CH.
Polytmethyl methacrylated —%:—C Hyw=
i,
&
o 0
S
CH,

FiouRe 6.18  Monomer formulas of some synthetic binders.



tape casting), lhe binder should not nmcluc:e a rapid increase n the viscosity of

mmmﬂgwwwl be i L into tl o f ble viscosi

On the other hand, a rapid increase 15 senerally desirable 1n extrusion to provide
oood oreen streneth with a small concentration of binder.
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FiGure 6.21  Criterion for viscosity grades based on viscosity—concentration relation-
ship. (From Ref. 18.)



TABLE 6.7 Viscosity Grades for Some Water-Soluble Binders

Viscosity grade

Very Very
Binder low Low Medium  High high

Gum arabic .

Lignosulfonates .

Lignin liquor .

Molasses .

Dexirins —
Polyvinylpyrmrolidone s

Poly(vinyl alcohol) . .
Poly(ethylene oxide) —
Starch —
Acrylics —
Polyethylenimine (PEI) —
Methycellulose .
Sodium carboxymethylcellulose . .
Hydroxypropylmethylcellulose .
Hydroxyethylcellulose . .
Sodium alginate —
Ammonium alginate —
Polyacrylamide s
Seleroglucan .

Irish moss .

Xanthan gum .

Cationic galactomanan .
Gum tragacanth .
Locust bean gum .
Gum karaya .
Guar gum —

Source: Ref. 18.



4 Plasticizers

Plasticizers are generallv organic substances with a lower molecular weight than

Mﬂmmmmmwﬂﬂw ; tuce the T, of the binder), thereby i o the flexibility of

the green body (e.g.. tapes formed by tape casting). For forming processes in

which the binder is introduced as a solution, the plasticizer must be soluble in
the same liquid wsed to dissolve the binder. In the dry state, the binder and
plasticizer are homogeneously mixed as a single substance. The plasticizer mole-
cules get between the polymer chains of the binder, thereby disrupting the chain
alignment and reducing the van der Waals bonding between adjacent chains. This
leads to softening of the binder but also reduces the strength. Some commonly
used plasticizers are listed in Table 6.8.

TaBLE 6.8 Common Plasticizers Used in Ceramic Processing

Plasticizer Melting point (*C)  Boiling point ("C)  Molecular weight
Water 0 100 18
Ethylene glycol —13 197 62
Dhethylene glycol —38 245 106
Triethylene glycol —1 288 150
Tetraethylene glycol -3 327 194
Poly(ethylene glycol) —10 =330 300
Glycerol 18 290 02
Dibutyl phthalate —35 340 278

Dimethyl phthalate I 284 194




6.4 FORMING OF CERAMICS

now describe the key factors in each method and hml. th-f:‘llur can be manipulated
to optimize the microstructure of the green body.

6.4.1 Drv and Semidry Pressing
Uniaxial e in a die and i . . I ! for i )

paction of dry powders, which tvpically contain <2 wt% water. and semidry

the production of relatively simple shapes (e.g.. disks) with a height-to-diameter
rati::- of <<0.5—1.0. Isostatic Dr&ssing pmclu-:es better unif::-rrnity in the ml-ung

andﬂuh_mu:h_hlghﬂhﬂgm_t&dmw The green I}u::dy has wregulmnes

in both shape and surface quality and often requires considerable machining.

6.4.1.1 Die Compaction

In di : | j | 1 und imul
uniaxial u:ﬂm@tmn and shaglng in a rigid |:l|E: The m-:rall process consists of




Powders. often mixed with a small amount of binder (less than 5 vol%), are

tyvpically involves the use of a dispersant (e.g.. ammonium polyacrylate), a binder

[ : ) F 37 o iried
Al.O; powder.

Several factors control the granule characteristics. They include the particle
size distnbution of the imtial powder, the degree of flocculation of the slurry,

the type of additives, and the spray-drying conditions. The kev granule character-

1stics are

1. Size. size distribution, and shape: Granules prepared by spray drying
in commercial equipment have nearly sphencal shape and sizes in
the range of —530—400 pm, with the average size in the range of
~100-200pm.



Particle packing: The particle packing density in the granule is con-
trolled by the particle size distribution of the powder as well as on
the particle concentration and colloidal stability of the slurry prior to
spray drying (23). Particle packing densities of —~435-33% are com-
mon for granules.

Particle packing homogeneity: The particle packing homogeneity in
the granule depends on the colloidal stability of the suspension and
on the drying step during spray drying. Granules are commonly pre-
pared from a partially flocculated slurry so the particle packing 1s not
very homogeneous. In addition, if the binder segregates to the granule
surface during spray drying, the outer region of the granule will have
a low packing density (26).

Hardness: The hardness of the granule 1s controlled by the particle
packing density and by the nature of the binder used in the slurry
formulation. A high particle packing density or a hard binder (e.g.,
with a high glass transition temperature) leads to the formation of
hard granules. On the other hand, soft granules have a lower packing
density or contain a soft binder.

Surface friction: Smooth granule surfaces reduce the friction between
the granules themselves and between the granules and the die walls.



ne die filling is i T de distribution of

sizes, a spherical shape, and a smooth surface (14). The uniformaty of the die

the die filling u111’ﬁ:lrm|t‘|pr depends on the ratio nf TJ'IE! g@mle size to the die

diameter. Narrower dies lead to a lower overall packing density in the compact

because the packing density near the die walls 1s lower. Simulations indicate that

the effect of the die walls becomes insignificant when the die diameter 1s greater
than —250 times the granule diameter (23). For particle packing densities of
45-55% in the granules and assuming loose random packing of the granules
(—60%), the actual particle packing density dunng die filling 1s —25-35%.

The Compaction Step

After die fill | f : | ins 1 d
order of the granule size and voids that are smaller than the granule size (Fig.




Fragmentation: filling of voids with fine particles

FIGURE 6.23 Schematic diagram showing the stages of compaction for granules.



Factors Influencing the Compaction of Particles |HVW: READ

Factors Influencing the Compaction of Granules |HVW: READ

the applied pressure is releas-:d This expansion is refermcl to as sprmgbac.ﬁ: strain
recovery, or strain relaxation. Springback 1s almost instantaneous on release of

gas D-Enneahlllw of thE: powder compact. Generallh it is higher for higher amounts
of orcanic additives and for higcher apphed pressure. While a small amount of

to reduce d1e wall friction dunng the cr:-mua-:tmn process have an Eldd]tlDl'lﬂl

benefit in that they reduce the pressure reguired for ejection.




sintering. They also enhance the formation of defects in the compact on ejection
from the die. Several factors can be controlled to reduce the extent of density

ﬂmdlﬂnts in thf: pDWdE:I‘ cnmpac’t llmf_qml_dlﬂ_ﬁllmg_[ﬂdusﬂs_lhﬂ_ﬂmmml_iﬂ

Iubncants to reduce the mte rnal fn-:tmn between the nartlcles and die- wall frlctmn

can lead to significant improvements, Stress gradients (and hence, density gra-

dients) due to die-wall friction are enhanced with increasing ratio of the length

to diameter (L/D) of the compact. For the single-action mode of die compaction,
L{D should be less than 0.5, while for the double-action mode. it should be less

than 1.

Fig. 6.31. They are caused by springback and by friction at the die walls. The
use of a binder to increase the compact strength, reduction of the applied pressure
to reduce the extent of the springback, and the use of a lubricant to reduce die
wall friction can significantly reduce the tendency for defect formation.

==t | Y

{a} () {d)

FiGURE 6.31 Illustrations of typical defects in die compaction of dry or semidry pow-
ders: (a) delamination, (b) end capping, (c) ring capping, and (d) vertical cracks.



6.4.1.2 Isostatic Compaction

I . ine invol | licafi ‘ £ hvd .
the powder contained in a flexible rubber container. There are two modes of

W@Mﬂt&ﬂﬂﬂlﬂd&hﬂgﬁﬂﬂg{ﬁg 632} ln_mﬂ_hag

INto a_pressure "-’EEEE' ﬁlled with ml and Dl‘ESSEd Aﬁ&r pressing, the mnlcl 15
removed from the pressure vessel and the green body is retrieved. Wet-bag press-

mg 15 used for the fﬂrmatmn of c::-mplex shapas and for I,argﬂ SIZES. In_cl[)'_hag

IhLmﬂﬁ Dr:.-r bag pressing is easier to automate TJ1:an wet- I:-ag pressmg It has
been used for the formation of spark plug insulators by compressing a porcelain
powder mixture around a metal core as well as for plates and hollow tubes.
WMMMMMMW h ] . : telaminati T : | |
springback) can still occur if the pressure is released too rapidly after compaction.
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FiGURE 6.32 Two modes of isostatic pressing: (a) wet bag and (b) dry bag.



6.4.2 Casting Methods

The common casting methods are slip casting, pressure casting, and tape casting.
Ti | | lloidal 0 whicl | of the liquid i |

consolhidate particles suspended in a slurry. In slip castine and pressure casting,
cnnsnlidatinn of the Dﬂfticles is 3ccﬂmnlished as the liuuid ﬂDWS mmugh 4 porous

hmapmalm:mﬂhﬂ_llqmd, Gef mﬂ‘mg is a recently mtmdu-:ed m-:thnd in whn:h

the particles in a slurry are immobilized by polymerization and cross-linking of a
monomer solution to form a gel prior to evaporation of the liquid. Electrophoretic

deposition is a process in which ceramic bodies are deposited on an electrode by

vi § de) electric field oidal ,



6.4.2.1 Slip Casting

of the mold provides a capillary suction pressure, estimated to be of the order of

— -

dated layer of solids, referred to as a cast (or cake), forms on the walls of the
mold (Fig. 6.33). After a sufficient thickness of the cast is formed. the surplus

slu:t 15 poured out and the muld and cast are allowed to clnr Normally. the cast

article. Examples nf sl1|:- casting compositions are given in 1able 6 0.

Slip Casting Mechanics

Some of the early analyses incorrectly treated the mechanics of slip casting in
terms of a diffusion process. The slip casting process involves the flow of lhiqgud

through a porous medium, which is descnbed by Darcy’s law. In one dimension,

Darcy’s law can be written as

K (dp/dx)

g =
Ny (6.8)

where J 15 the flux of liquid, K 1s the permeability of the porous medium, dp/dx
1s the pressure gradient in the ligmd, and ;15 the viscosity of the liquid.
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FiGURE 6.33 Schematic diagram of the slip-casting system: and (a) initial system (b)
after the formation of a thin cast.

TaBLE 6.9 Examples of Slip Casting Compositions

Whiteware Alumina
Concentration Concentration

Material {vol %) Material {vol o)
Clay, silica, feldspar 45-50 Alumina 40-50
Water 30 Walter 50-60
Sodium silicate, <0.5 Ammoniul polyacrylate 0.5-2

polyacrylate, or (dispersant)

lignosulfate (dispersant)
Calcium carbonate <01 Ammonium alginate or 0-0.5

(flocculant, if required) methyl cellulose

(binder)




Effect of Slurrv Parameters

The colloidal stability of the shurry has tl of] he mi )

ture of the cast. A flocculated slurry leads to a cast with a fairly high porosity.

Moreover, in this case, the effective pressure in the cast (p, in Fig. 6.34) decreases
rapidly and nonlinearly from the mold—cast interface. The compressible nature
of the highly porous cast coupled with the variation in p, leads to a rapid reduction
in the density of the cast as it builds up and to an almost constant high porosity
region in the bulk of the cast (37). Heterogeneities in the green body microstruc-
ture, as we will rE:call hll‘ldf:l‘ microstructural control dunng the ﬁnng process.

Or steric reuulsmn leads to th-: fﬂrmatmn of a fﬂjl‘l‘l.-r dense cast with better micro-
structural uniformity. In practice, the fairly dense cast formed from a well-dis-
persed slip has a low permeability, and the rate of casting 1s therefore low. For
industrial operations where such low casting rates are uneconomical. the slip 1s
only partially deflocculated.




o | he si 7e distributi { o i .
cles can also influence the compressibility and, hence, the packing density of the
cast. Figure 6.35 summarizes the effects of particle size. particle shape. and the

degree of flocculation of the slurry on the packing density of the cast. For fairly
coarse particles (greater than —10-20 pm), colloidal effects are insignificant and

the deeree of dispersion of the particles has no effect on the packing density.
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FicUuRe 6.35 Schematic diagram showing the effects of particle size, shape, and degree
of flocculation on the porosity of the cast produced in slip casting. (From Ref. 39.)



Microstructural Defects in Slip-Cast Green Bodies

Several types of microstructural defects can be present in ereen articles formed

common occurrence. 1 hey can be avoided by improving the wettine characteris-
tics of the particles by the hgud. proper de-ainng of the slurry. and the avoidance

to the mold surface. S-EEI"EE:IHEH In whlch lhf: I,argar particles settle fﬂS[El’ than

| 1 he alleviated | ine the colloidal stability of the <l



6.4.2.3 Tape Casting

The principles and practice of tape casting are covered in a recent text (42) and
the process also forms the subject of several review articles (43—46). In tape

carrier surface, consisting of particles bonded by the polymenc additives. The
flexible oreen tape can be stored on take-up reels or stripped from the carmer

[ j ) he desired leneths f | : S| »
thicknesses from as low as 10 pm to as thick as 1| mm are prepared by tape
casting, The steps in the production of an MgQO-doped Al-Os component by tape
casting are summanzed in Fig, 6,39,
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FIGURE 6.39 Schematic flow diagram for the tape casting of an alumina substrate
material.
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FiGURE 6.38 Schematic diagram of the tape casting process.

Slurrv (Slip) Preparation

The preparation of the slurry 1s a critical step in the tape casting process. The
factors that govern the selection of solvent, dispersant, binder, plasticizer, and
other additives were described earlier in this chapter. Most tape casting operations

W
be cast and the surface on which the cast is to be made. Thin tapes are cast from
hishly volatile solvent systems (e.o.. acetone or methyl ethyl ketone)., whereas
I- I : DZE ] I . | ] | |' ID E]E!EIE[ d[:[']ng EDI-VEDIE !Eg
toluene).




The dispersant may be the most important organic additive in that it serves

o, A Il . :]' . :] 12:. hat of the bi gl _I lasti-
cizer combination because the concentration used in tape casting slurries is high.

1] KLY LI LITE IR | oL rength and flexib LY e SO Lalise Al LY

oxidizing atmosphere at reasonably high temperatures. However. several ceramic

: L - . ,
ﬂﬂwﬁhﬂﬁﬂw lizi | Typical s] : Il' : : .
in_Table 6.10.

TABLE 6.10 Examples of Tape-Casting Compositions (Concentration in wi%)

Powder Solvent Binder Plasticizer Dhspersant Other additives
Nonagqueous formulation for use in oxidizing atmospheres
AL,y Ethanol PVB (2.4) Octylphthalate  Fish oil (1.0)
(39.5) (8.9) (2.2)
MgO TCE PEG (2.6)
(0.1) (23.2)
Nonagqueous formulation for use in nonoxidizing atmospheres
BaTi;, MEK 30 wit% solution PEG (2.8) Fish ol (0.7) Cyclohexanone
(69.9) (7.0) of acrylic in Butyl benzyl (homogenizer)
Ethanol MEK (9.3) phthalate (0.5)
(7.0) (2.8)
Aqueous formulation
Al O, Deiomized Acrylic emulsion  Acrylic Ammonium Poly {oxyalkylene-
(69.0) water {cross-linkable) emulsion polyacrylate diamine) (0.1)
(14.4) (6.9) (low T) (0.6)
(9.0)

Source: Refs. 42, 44, and 45,



The Tape Casting Process
s ill Lin Fie. 6.38. the | o : i ,

the doctor blade assembly. It consists of an adjustable doctor blade mounted 1n
a frame with a reservoir t::- hold the slurry (or ship) hefr:-re it 15 metered out l]ﬂdf:l'

estimate the influence of the casting parameters on the thickness of the tape (47).

\ , N L. ! { laminar flow i ol : :
(Fig. 6.40). the thickness of the dry tape. h; is given by

h, = 2B P E,[1+ hoAp ]

2 p, 6nUL

where & (<<1) and B (<1) are correction factors, p, and p, are the densities of
the slurry and the dry tape. respectively. h, and L are the height and thickness

of the doctor blade, respectively, Ap is the pressure difference (determined by
the height of the slurry in the reservoir), n 15 the viscosity of the slurry, and U

15 the velocity of the doctor blade relative to the casting surface.

(6.18)




According to Eq. (6.18), the thickness of the dned tape would simply be
proportional to the height i, of the doctor blade if the second term in the brackets
15 much smaller than umity. For values of h, smaller than ~—200 pm, this can be
achieved if the parameters 7, U, L. and Ap are kept within certain ranges. Large
values of h, can lead to significant deviations from this simple relationship. The
effect 1s more pronounced for small values of n, U, and L. A knife-edged doctor
blade (very small value of L) appears to be unsuitable for tape-casting. While a
variety of blade designs and shapes are used in the tape casting sector, a flat-
bottomed doctor blade 1s effective practically and has some theoretical support
based on Eq. (6.18). A double doctor blade is often found to be useful when a
uniform thickness must be maintained over a long length of tape.

In practice. the casting speed 1s largely determined by the type of casting

T 1o

of the solvent.

Ficure 6.40 Section of a tape casting unit.



Drying occurs by evaporation of the solvent from the surface and the tape

Wﬁmmm@mwl Typically. the dried tape | hicl I —

half the doctor blade height and consists of approximately 50 vol% ceramic

to the large amount of organic additives that must be removed. Drying of granular
ceramics and binder burnout are considered later in this chapter.

Microstructural Defects in Green Tapes

the tape 1s thick. the rate of drying is slow, or the colloidal stability of the slurry

15 poor. Because of the hich concentration of binder in the slurry. binder seoreca-

even cracking) of the tape during sintering. If the particles in the slurry are
elonegated (anisometric), flow under the doctor blade produces preferential alion-

ment of the particles along the direction of flow.




6.4.2.5 Electrophoretic Deposition

The method of electrophoretic deposition (EPD) 1s shown schematically in Fio.

ﬁ 5‘17‘ 5 dE EIEEI[IIE flﬂld Caluses II]E Ehﬁ[”ﬂd DﬂﬂiCIEE -II] a Cﬂ"ﬂidﬂl EIIEEEHE‘]EI] o
combination of electrophoresis (described in Chapter 4) and particle deposition
on the electrode. Successful EPD to form a deposit with hisch packing density

Therefore, an understanding of colloidal interactions in a suspension (Chapter 4)
15 important to EPD.

A recent review of EPD discusses the mechamsms and kinetics of the
deposition process and includes a detailed list of references to the application of
EPD tc- ceramics {57’} EPD i1s a facile forming technigue that has the addltlcrnal

rz:l-:n::trl-::alII'.r It 1s I:-f:‘-;t used for dEDD‘-EITII‘IE caatlngs and thin objects.
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FiGuRE 6.42 Schematic drawing of an electrophoretic deposition cell showing the pro-

CERS.




6.4.3 Plastic Forming Methods

-:atalvst sum:lurts c:anamtnr tubes am:l electncal msulat::-rs; A recent dewelapment

15 the repeated co-extrusion of a particle-filled thermoplastic polymer to produce
textured microstructures or fine-scale structures. Imjection molding of a ce-
ramic—polymer mixture is a potentially useful method for the mass production
of small ceramic articles with complex shapes. However. the method has not yet

lized i i Formi : : inly | f
two factors:

1. High tooling costs relative to other common forming methods.
2. Removal of the high concentration of binder prior to sintering remains

limiti for thic} han —1

The application of extrusion and injection molding to the forming of ceramic
powders has benefited considerably from the principles and technology developed
in the plastlcs industry. Extruders am:l muldlng machines usa:l in the nlastl-::s

ﬂﬂrammsistﬂm& (e.g.. han:lenlng of the, contact surfaces}

Two basic requirements must be satisfied for plastic forming to be suc-

cessful:
1. The mixture must flow plastically (above a certain yield stress) for

the formation of the desired shape.
2. The shaped article must be strong enough to resist deformation under

he force of eravi | ted wi :




6.4.3.1 Extrusion

a die. In contrast. as illustrated by Fig. 6.44, the screw extruder is complex. and
considerable atte:ntmn gﬂes into the design of th-: f::-:truder barrel and screw (34).

feed matf:nal are ! 1) manlpulatmg TJ'IE -:hara-:tf:n stn:s Elf the ander—water system,

commonly used for clavs and (2) adding a binder solution to the powder, com-
monly used for advanced ceramics. Clay particles develop desirable plastic char-
acteristics when mixed with a controlled amount of water (15-30 wt% depending
on the type of clay). The plasticity anses from two main factors: (1) particle to
particle bonding due to the charsed particle surfaces and interveming charges

(**house of cards"” structure described in Chapter 4) and (2) surface tension effects
due to the presence of water.
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FiGURE 6.44 Pressure variation along a screw extrusion press. (From Ref. 54.)



The powders of advanced ceramics. when mixed with water. do not possess

: xed with 2 vi luti - : - :

an organic binder to provide the desired plastic characteristics. The solvent is

Examples of compositions used in extrusion are given in Table 6.12. Ague-

ous systems are often flocculated using a small concentration of an additive (such

as MgCl», AICls. or MgS0,). In addition. lubricants (e.g., stearates, silicones, or

TaBLE 6.12 Examples of Compositions Used in Extrusion

Whiteware

Alumina

Concentration

Concentration

Material (vol %) Material (vol %)
Kaolin 16 Alumina 45-50
Ball clay 16 Water 4045
Quartz 16 Ammoniul polyacrylate 1-2
(dispersant)

Feldspar 16 Methyl cellulose (binder) 5
Water 36 Glycerin (plasticizer) 1
CaCl; (flocculant) | Ammonium stearate (lubricant) |




6.4.3.3 Injection Molding

Two recent texts cover the principles and practice of injection molding of metals
and ceramics (61.62). The subject 1s also considered in several review articles

ing meﬂmds (e.g.. tape castmg]l and 1s -:onmclered later in this chapter. Here, we

shall consider the key factors in powder and binder selection, preparation of the

fecd a1 and iniect dine of i body.

Powder Characteristics

When the forming step 1s considered in combination with other processing steps
such as debinding and sintering, the desirable powder charactenistics for injection
molding are generally no different from those described in Chapter 2 for powder

processing. A small particle size is beneficial for shape retention during debinding
and for ease of sintening, but the viscosity of the powder/binder mixture 1s higher

and binder removal from the molded article is slower. A wide distribution of

the system is prone to segregation. and microstructural evolution during sintering
1s inhomogeneous. A spherical (or equiaxial) shape leads to higher packing den-

binder removal. Gﬂneralhu an Euma.'::lal ander free from agglﬂmeratmn and

having an average particle size smaller than 10 pm. a narrow or wide particle

size distribution. and a packing density greater than di : ~00%. is often suitable for




Binder System

mmmwwww. 2 binder is vital to d  the inject] di ,

The binder must provide the desired rheological properties to the feed matenal
s0 that the powder can be formed into the desired shape and then must be removed

y -y peca bl LDE, : | ]] ind
particle pu gl'lzl heological. chemical Illl'i' | istics, |
addition, it must possess many qualities suitable for manufacturing such as envi-
ronmental safety and low cost.

. he bi gl mmﬂuhﬂmmhmmw llv 2 blend of at | | : )
binder. a minor binder. and a processing aid. The major binder controls the

rheology of the feed material during injection molding to produce a body free

from defects and also controls the strength of the green body and the debinding
behavior. The minor binder is used to modify the flow properties of the feed
material for good filling of the mold. It may also provide benefits in the debinding
stage by extending the range of conditions over which the binder is removed.
The removal of the minor binder (by dissolution or by pyrolysis) creates a network
of porosity through which the decomposition products of the major binder can
be removed more easily. The processing aid may include small concentrations

_ .. - ]

i lastic bind i . . gl o | : |

particle surfaces and the polymer melt. and a lubrnicant to reduce interparticle and
die-wall friction.




(1) thermoplastic compounds. (2) thermosetting compounds, (3) water-based sys-

tems, (4) gelation systems, and (3) inorganics. Of these, the thermoplastic com-
pounds are the most widely used and understood. They include most of the com-

mon commercial polymers, such as polystyrene, polyethylene, polypropylene,
poly(vinylacetate), and poly(methyl methacrylate). Examples of materials used

TaBLE 6.13 Thermoplastic Binder Systems for Ceramic Injection Molding

Major Binder Minor binder Plasticizer Other additives
Polypropylene Microcrystalline wax Dimethyl phthalate Stearic acid
Polyethylene Paraffin wax Dhethyl phthalate Oleic acid
Polystyrene Carnauba wax Dibutyl phthalate Fish oil
Poly(vinyl acetate) Dhoctyl phthalate Organo silane
Poly(methyl Organo titanate

methacrylate)




Powder—Binder Mixt

The ratio of powder to binder is a key parameter for successful injection molding.

too Inu-:h h]l‘ldEI‘ leads to mlcmstmcmral hEtEl’DgEI‘IE]tlES in the molded article

{ to slumpine durine binder | |
165, s . Kine density of + Jes. defined as the vol

fraction at which the particles touch so that flow 1s not possible, then the actual

particle volume fraction fused in injection molding 1s 5—10 vol% lower than fe.

The remainder of the mixture consists of the binder and other additives. This

required to achieve flow of the mixture. The volume fraction of particles f Incorpo-
T les of 1 .. ¢ the feed - ven in Table 6,14

TaBLE 6.14 Examples of Ceramic Injection Molding Feed Materials

Component Composition (wifo)

Powder I pm Al;O5 (B5) 20 pm Si (82)

Major binder Paraffin wax (14) Polypropylene (12)
Minor binder — Microcrystalline wax (4)

Other additives Oleic acid (1) Stearic acid (2)




Molding

approach. involving a systematic variaton of the process vanables. 15 often used
to optimize the molding conditions.

matena] in thf: form of granulf:s 15 fed into the machine, U‘ansunrted by a screw

or plunger to the injection chamber where it 1s heated to produce a viscous mass,

and then imjected under pressure into the mold cavity. When the cavity 1s filled,
the mold i1s cooled and the green body is ejected. It is obvious from Fig. 6.48b

that a given machine variable can influence more than one of the fundamental
variables. This, combined with the large number of variables, makes optimization

of the process a considerable task. In general, injection molding is best applied

selectively to the forming of small articles with complex shapes.




