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2 Ceramics, General Survey

1. Traditional and Advanced .
Ceramics

This general survey covers the fields of tradi-
tional ceramics and advanced (or high-tech-
nology) cerumics, touching on the nuterials em-
ployed. provessing and {orming. firing and
finishing. and the use ol products. Advantages
and disadvantages of various types of ceramic
ware are discussed,

The word ceramic is a “general term applied
to the art or technrique of producing articles bv a
ceramic process. or to articles so produced™ (24].
In general. it applies to any of a class of inorgan-
tc. nonmetallic products subjected to high tem-
perature during manufacture or use. “'High tem-
perature”™ means uny temperature above red
heat. ca. 540°C [13]).

Typically. although not exclusively, a ceram-
ic iem is a metal oxide, boride. carbide. or ni-
tride. or a compound of such materials. Thus. a
ceramic article is "a glazed or unglazed object of
crystalline or partly crystalline structure {or of
glass), produced from essentiaily inorganic, non-
metallic substances: such objects are made from
either & molten mass which solidifies upon cool-
ing or which is formed and matured simulta-
neously or subsequently by action of heat™ [1.
p. 197]. '

The noun ceramic Is derived from the Greek
keramos meaning “burned earth.” Traditional
ceramics refers to ware prepared from an un-
refined clay or to combinations of one or more
refined clays in combination with one or more
powdered or granulated nonplastic minerals or
prereacted ceramic compositions. Traditional
ceramics also refers 1o ware or products made
from compositions or naturally occurring mate-
rials in which clay mineral substance exceeds
20%. Traditional ceramics and clay ceramics are
SYNONYmMous expressions.

The past 30 veurs have scen an increasing
interest in ceramic items made from highly re-
tfined natural or synthetic compaositions designed
to provide special properties [19, pp. 150-153].
These objects are wrmed advanced, new, or {in
Japan) fine ceramic produces, and find use as key
components in such high-technology fields as
electronics, computers. optical communication.
cutting tools. metal forming dies. wear-resistant
parts. high-temperature reactors. high-tempera-
tere engine parts, medical implants, and many
other special purpose applications. Advanced
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ceramics must be considered us an enubling
technology — one essential (o competitive or
{unctional performance of larger systems,
Advanced new roles for ceramics depend on
properties inherent in basic structure and com-
position, Recognition of special capabilities of
ceramics is largely due to progress over the past
30 years in relating physical to compositional
and structural features [25]. Two recent develop-
ments are responsible for the exponential growth

“in applications for advanced ceramics: first, ad-

vances in systems that require special. highly
developed ceramics; and second. udvances in
ceramic processing that permit production of
usable ceramic parts.

Historical Aspects. The qualities of plasticity, dried
steength, and fired hardness of clays were discovered und
used possibly as long ago as 10000 b.c. [26]. and certainly
by 3300 B.C. [27]. ’

The earliest societies that give reusonable evidence ot a
ceramic industry seem to have been in the Near East, where
a pottery tradition dates back ca, 7000 - 8000 years [28]. [n
the Far East, Neolithic viilagers at Banpo in Shaanxi
Province of China were making fine red, grav. black. and
painted pottery at least as early as 4500 s.c. [8, pp. 135-
163].

Urban planners at Mohenjo-Daro in the Indus Vailey
were using ficed clay bricks and tile for public building.
water-supply conduits, and an advanced sewer system 4000
years ago [29]. A cuneiform tablet of the t7th century B.¢.
describes the making of a copper - lead gluze [30].

By the Shang Dynasty (1500-1025 g.c.} the Chinese
had changed Neolithic earthenware to a fine-grained white
stoneware [, pp. 135-162L. A primitive feldspathic glaze
appeared during the Zhou Dynasty (1000-771 8.c.). fol-
lowed by a soft green to brown lead silicate glaze in the Han
Period (206 B.¢.-220 a.D.). In the Six Dynasties time peri-
od (265-907 a.0.), marked developments occurred in art
pottery. Ceramics of the Song Dynasties (9601127 and
1127-1279 a.p.) and into the Ming Dynasty {1368-
1644 A.0.) showed increasing use of hard-paste porcelain
formulas. An egg-shaped kiln with a special stack designed
for high draft was developed for firing Ming porcelains: the
fuel was pine wood [31].

Beginning in the sixth century v.¢.. Attic vuses of an-
cient Greece represented 4 ceramic art milestone. Use wus
made of a local illitic clay [32] to prepare a levigated gluze
that was black under reducing conditions and red under
vxidizing conditions. Rome seems to have had no ceramic
tradition, but drew on ware and workmen from various
parts of its empire. The famous Arretine ware was made
near what is now Florence by Oriental Greeks. and terra
sigiflata. sometimes thought 10 have been invented by
Romans, originated on the island ot Samos {33).

Chinese ceramic technology is thought to have been
transferred to the Near and Middle Eust by culturtd con-
tacts and by Chinese prisoners following defeat of & Chi-
nese army by Persian Abbasids in 731 . [slamic influ-
ence was Telt tate in [taly and France [3M4], and luter wtill in
Germany, the Netherlands, and England [35].

Salt-plazed stoneware wus developed in High Germany
acar the end ‘of the fourteenth century [36], and solft-paste
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el wis heing manutuctured in Meissen as early as
“in and in Sévres. Franee, by 17511754, In England.
orwor Y developed and patented a hard-fire porce-
176%), and sometime belore 1750, culcined bone was
- used in making chinswaee [37].
Sponewage and hard porcelain served as protolypes tor
fopment in the United Sties, Eaglind, und Europe of
Lnically strong, vitreous bodies for use in manufuc-
o sepitary ware, high-tension electrical porcelain, and
resistant dinnersware fUL p. 4], The advent of steam
. s the cigheenth eentury permitied WenGwoor and
s England te mechanize preparation and forming
werrtons, Although aceeptance of new ideas in the way off
v iy hias been stow over the cenlturies, within the pust
' cnerations “lelt wanis” in industry have stimukated
s owearch in the areas of advanced ceramics.

i

1.1, Traditional Ceramics

{fur is the oldest ceramic material. The ear-

~~F coramic ware was most likely made from
-aural clay. selected by the potter for its form-
e properties. However, at very early times. it
w.s customary to add some other nonclay mate-
rals. A sticky. high-shrinkage clay might be
moditied by addition of crushed stone, sand, or
crushed shell to reduce shrinkage and cracking.
¢ urrently. the major nonclay materials used in
making clay-based ceramic items are silica
powder and certain alkali-containing minerals
aided as fluxes. Traditional ceramics can be re-
zarded us ware made from formulations in which
Ziay provides the plastic and dry bonding prop-
oriies required for shaping and handling. Analy-
~w> of natural clay bodies show that the actual
chiv mineral content is 25-40%.

Porrery is sometimes used 4s a generic term
tor ull fired ceramic wares that contain clay in
their compositions, except technical, structural,
and retractory products {1, p. 201].

The term swhiteware was originally applied to
mit tubleware and artware [t p. 4], but has
neen broadened to include ware that is ivory
volored or has a light gray appearance in the
fired state. Fine ceramic whitewares are con-
veniently divided into two classes: (1) formulas
vonsisting primarily of clay minerals, feldspath-
e~ ind quartz: and (2) nontriaxial bodies made
<niirely or predominantly of other materials. For
purposes of this discussion, ceramic whiteware is
Nhiced into five categories, numely, (1) earthen-
are t2) stoneware, (3) chinaware, (4) porcelain,
and (3) technical ceramics.

Earthenware is defined as glazed or unglazed
nonvitreous (porous) clay-hised ceranic ware.
NORTON subdivides earthenware into four care-
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gories: (1) natursl ctay body. {2} refined clay
body. (3} talc body. and (4} semivitreous triaxial
body [11. p. 4]. Fired absorptions may range
from 4-5% for semivitreous ware to 20% for
the high-tale formulas. Fired color muv range
trom red for high iron oxide bodies to white tor
the tale und triaxial formulas.

Stoneware is a vitreous or semivitreous ce-
ramic ware of fine texture, made primarily from
nonrefractory fireciay or some combination of
clays, Muxes. und silica that matches the forming
and fired properties of a natural stoneware.
Thus, stoneware may be made either from a clay
or may be u synthesized stoneware. Synthesized
stoneware can range from highly refined. zero-
absorption chemical stoneware to less demand-
itg dinnerware and artware formutas.

Chinaware is vitreous ware of zero or low-
fired absorption used for nontechnical applica-
tions. It can be either glazed or unglazed. The
expression soft-paste porcelain has the same
meaning [l1, p.4]. Formulas can be simpie
clay—flux -silica triaxial bodies or bodies con-
taining significant percentages of alumina. bone
ash, frit, or low-expansion cordierite or lithium
mincral powders. Fired absorptions range from
0 to 5% for ovenware.

Porcelain is defined as glazed or unglazed vit-
reous ceramic ware used primarily for technical
purposes. Formulations are generally of the (ni-
axtal type although some or all of the sitica can
be replaced by calcined alumina to increase me-
chanical strength. Firing of ware may be bisque
(unglazed) at low temperature with glazing at
high temperature or by single-firing at high tem-
perature,

Technical ceramics include vitreous (i.e.. non-
porous) ceramic whiteware used for such prod-
ucts as electrical insulation, chemical wure, me-
chanical and structural items, and thermal ware.

The clays used for making common brick are
usually of low grade and in most cases red-
burning. The main requirements are that they
are easy to form and fire hard at as low a temper-
ature as possible, with a minimum loss {rom

cracking and warping. An average of analvses of

a number of brick clays from sources in New
fersey [38] showed approximately 67% SiO,.
18% Al,0,, 3% Fe,0,. 2% alkaline-carth

oxides. and 4% alkabies, with an ignition loss of

about 4% (— Construction Cerumics. Vol A7,
p. 423).

Bodtes {11, p. 2} can be clussified us being
cither fine (having particles not larger than ca.
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Tabe L. Fine ceramic products
Type of product Farthenware Stonewure Chinsware froreelain
o Ab- Color o Ab- Color % Ab- Color % Ab- Culor
sorplion sorption sorption sorplicn
Artware 10-20 red-white n-3 red-white 0-1 while 003 while
Bullmill balls 0-n.2 white
Balimill liners 0-10.2 white
Chemical wire (b2 gray-white n-4.2 while
Cookwure -5 gray-white
Drainpipe 0 s ory
[nsulators 02 white
Kitchenwure 10-15 while 03 gray
Ovenwure 10-20 white t-3 Lan
Sanitary ware 1-03 tan-white
Tableware 5-20 white 0-5 white 0-1 white 003 while
Tile 10-20 white 0-3 red-white

Tabte 2. Course ceramic producis

Porous (> 5% (+ 5%) absarption)

Building materials Refractory

Dense (< 5% {— 5%) absorption)

Chemical Structural

bricks flue linings
terra cotta lireclay bricks
roofing tile insutating bricks
drain tile

ucid-resistant bricks quarry tile
sewer pipe

fireclay sanitury ware

0.2 mm) or coarse {having the largest particle ca.
8 mm). These can. in turn, be subdivided into
bodies fired to a porous state and those with a
fired absorption [1. p. 197] not exceeding 3%,
1.e.. a dense state. The classes of fine clay ceram-
ics und product uses are arranged in Table 1 1o
show the percent absorptions and body cotors.
The classes of coarse clay ceramics and their
fired porosities are given in Table 2.

1.2. Advanced Ceramics

Advanced ceramics are generally used as
componenis in processing equipment by virtue
of such ceramic properties as special electro-
magnetic qualities, relative chemical inertness,
hardness and strength, and temperature capabil-
ities, sometimes in combination.

A systematic classification of advanced ce-
ramics based on function is presented in Table 3,
and examples of matertals and uses ire shown. A
broader system classifies all applicutions inte
structural, electronic. and other. Siructural ap-
plications are mechantcal. but do include chemi-
cal aspects where these are required to curry out
the mechanical function. The efectronic category
covers electric, magnetic, and optical functions

plus chemical functtons that involve direct use of
electronic properties. The orher classification in-
ctudes strictly chemical functions. for example,
catalysis, as weil as biological functions.

Of course. any classification is likely 1o be
inexact because many applications involve si-
multaneous use of several functions. However. a
functional classification system does point to the
fact that. tn contrast to metals, ceramics can be
made to embody a wide variety of electronic
functions while also having desirable chemical
and mechanrical properties.

Ceramics are already widely used in process
industries. especially where corrosion. wear, and
heat resisiance are important. Excellent exam-
ples are tound in metallurgical refractories [40).
an area already feeling the effect of new develop-
ments in ceramics and the new demands of ad-
vanced metallurgical processing. -

[.2.1. Advanced Structural Ceramics
¢ — Ceramics. Advanced Structural Products)

The prominent famities of advanced structur-
al ceramics and structural materials involving
ceranues include

alumina
silicon carbide
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lable L Classificistion of high-technelogy ceramics by tunction [39]
Pareelain Cenion Material Uses
* "‘t." Culor Sotie T thens waulation suueriads {ALLO, BeO, M) IC cireuit substrate. package, wirmg substrate, re-
sarption ) Y . Alstor substrate, clectronivs intereonnection substrate
s ) . . _ . .
0-0.5 while EM" d ferroctectoie materiul (BaTio,, SrTi0 ) VETRINIC Cipacituy
0-0.2 white ) plesoelectric materials (PZT) vibrator, oscillator, 1ilter
002 white : transducer, ulirasonic humidifier., piczoclectric spark
n.0.2 white ! peteraloer
: semiconductor materials {Ba'FiQ) . NTC themistor:  emperature seasor. tempetiture
, . H SiCL ZnO B0, V0,0 und other Cumpensaicn
0-0.2 white I inunition-metal oxides) PTC thermistor:  heater clement, switeh. tempera-
‘ ture compensation
! CTR thermuistar:  heut sensor element
e ) ! thick-tilm
0-0.5 white thermistor: infrared sensor
- varistor noise eliminution. surge current
: absarber. lighting arrestor
A sintered CdS
material; solar cell
SiC heater: electric furnace heater. miniature
wont i ' heater
5 " ; ion-conducting materials (§-Al,0,. Zr0,)  solid electrolyte for sudium battery
tructura X Zr0, ceramics: oxveen sensor, pH omeler. fuel
quarry tile cells
sewer pipe : 5 X . . .
fireclay sanitary ware : Ll unctions solt ferrite magnelic recording head. temperittiure sensor
(’ }U‘x?\\t.f""" hard ferrite TerTite magnet. fractional-horsepower motor
' weiaal tunctions translucent uluming high-pressure sodium vapor lamp
~at involve direct use of tninslucent mugnesia, mullite Iis_z_hl_ing it{bc:j. special purpose lamp. infrared trans-
. LT, mission window
: vther classification in- LAl , . .
unctions, for example o translucent Y ,0,-ThO, ceramics laser material
wical !'un‘ctions ’ PLZT ceramics ' light memory element, video display and storage
e AT system. light modulation element. light shutter, light
fication is likely to be vitlve
pplications involve si- ]
functions. However. a soneal funchiony”™ wus sensoc (ZnQ. Fe, 04, $n0,) gas leakage alarm. automatic veatilution fun, hy-
vstem does point 1o the drocarbon detector, fluorocarbon detector
;1;:tals ceramics can be humidity sensor (MgCr,0, -TiO,} cooking control element in microwave oven
' iy . 1 catalvst carvier {cordierite cutalyst carrer for emission control
variety of electronic ¢ HEMICAL catatys f ) e rmssion cont
ing desirable chemical organic cajalyst enzyme carrier. zeolite
s clectrodes (fitunates. sulfides. boridesy clecirowinning atuminum. photochemical processes,
N

. . chlorine production
widely used in process

~z corrosion, weur. and [ sttt Zr0) .. TiO. ceramics infrared radiator
rtant, Excellent exam- Thenwe . s (ALO.. TiC. TiN ¢ tool. sintered SBN L artificial
e ) Lor sl Teutting tools 1ALLO L TIC, TiN) cenunic teel, sintere N cenmet tool. artificia
lglf?iltregmcmzi[ea [|40L s diamond. nitride tool
sertect of new develop- . . . o :

new demands of 15 wecﬂ-m‘cﬂ wedr-resistant materials (AL O, ZrO ) mechinical seal, cerumic liner, bearings. thread
X ands of ad- ) i

. puide. pressure sensor
LSS A . . - . e . . N
-USSINg. heat-resistant materiats (SiC. AL O, 8iN,) - ceramiv engine. turbine blade, heat exchangers.

weiding-burner nozzle. high-lreguency combustion
‘ral Ceramics . crucible

structural Products)

. [y . o~ . . . . P P
Sl edeng alumina ceramics implantation wrtiticiud tooth roet. hone. and joint
. SuRE 'C"&n hydroxyipatite bioglass
~ of advanced structur-
sb materials involving Sianctions £ puclear fuets (GO, UG, -Pu() )
Nuctem cladding material (. SiC. B,()

shielding material (SIiC. ALLO,. C. B,0)

“riesy ol the Anterican Ceramic Society)
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stlicon nitride

purtially stubilized zirconia
teansformation-toughened alumina
ltthium aluminosilicates

CEramic —Ceramic composites
ceramic-coated materials

These muterials ure widely used in diesel. tur-
bocharger. and gas-turbine engines; in high-
temperature turnaces: and in the machines and
equipment needed for manufacturing.

Although aluming [1344-28-1] denotes pure
Al,O,. the term is commonly applied to any ce-
ramic whose major constituent is alumina, even
if the ceramic contains other components. Com-
mercial alumina microelectronic substrates with
strengths above 350 MPa are obtained by con-
ventional sintering. Hot-pressing techniques re-
sult in strengths of ca. 750 MPa, although parts
are expensive with limited size and geometries. A
recent development [41] involving a variation on
conventional sintering produces a glass-bonded
alumina with strengths of ca. 700 MPa. Al-
though the glassy phase limits applications to
moderate temperatures, this new alumina ceram-
ic should compete with other more expensive,
advanced ceramic items.

Fibrous alumina is employed as a reinforcing
agent in metal matrix composites and offers
promise for filtration of hot gases and as
high-temperature insulation. Alumina is used
with 8i0; in making such fibers {42]. Pure Al,O,
fibers are made by a variety of solution
processes 1o produce fibers with strength of
1400 MPa.

Silican carbide [409-21-2}, a synthetic prod-
uct. has good wear and erosion resistance and
can be produced in either cubic or hexagonal
crystal structure. Unfortunately. SiC is inher-
ently unstable in oxvgen so that long life under
oxidizing conditions requires a surface coating of
protective oxide. .

Sificon nitride [12033-89-5], SizN,, is likewise
a synthetic product, existing in two phases. alpha
and beta. each having hexagonal crystal struc-
tures. Silicon nitride ceramics include hot-
pressed. reaction-bonded, and sintered products.
The SiAION family is a solid solution of Al O,
andfor other metal oxides in the f§-5i,N, struc-
ture [43]. Reaction-bonded Si;y N, is made by ni-
triding cast or cold-pressed shapes of silicon
powder. whereas hot-pressed Si;N, is made
from silicon nitride powder as a sintered SiyN,
powder product. Reaction-bended Si, N, retains

Vol. A6

its strength at high temperature if it is protecied
from oxidation [44]. Hot-pressed Si; N, has high
short-term strength and better oxidation resis-
tance, but needs additives to facilitite compace-
tion {43].

The udvanced cutting ool industry s domi-
nated by cemented carbides {46]. Cerumic vapor-
deposited coutings have extended ool life, EI
forts are under way to increase lool use by busing
tools on Si;N, and SIAION 1o reduce depen-
dence on strategic W, Ta, und Co [47}.

Silicon nitride possesses many interesting
properties that suggest use in bearings [48). Tests
showed an estimated life for 5i,N, bearings of §
times that ol steel bearings. The economics of
machining and finishing is the biggest obstacle 1o
widespread use of Si;N, bearings.

Zirconiu [1314-23-4], Z1O, ., inds widespread
use in a stabilized cubic form as an oxvgen sensor
in process industries and the automobile indus-
tries [491. The destructive transformation of
Zr0, at 1100 °C from monoclinic to cubic form
has been overcome by keeping unstabilized par-
ticle size of ZrO, grains below 1 um diameter.
Then an aluminra matrix toughens the Al,Q, ce-
ramic [30]. Hot pressing was initially used. but
slip-cast forming and sintering has been found to
be feasible {51]. [52).

Cordierite [12182-53-3]. 2 MpgQO-2 Al,04-
58i0;. has a thermal expansion of (8-12)
= 1077 over the range 20— 1000 *C and is widely
used as a catalyst support for automobile emis-
sion control units. Similar materials are used as
heat exchangers in automotive gas-turbine pro-
totypes and can be considered candidates for
other heat-exchanger apptications where good
thermal shock resistance and moderate crushing
strength are required [33]. Silicon carbide and
silicon nitride also find application in heat ex-
changers [54].

Ceramic —ceramic composites and ceramic—
metal compesites (— Ceramics. Ceramic - Metal
Systems) are receiving increasing attention, Sili-
con carbide fibers in glass—-ceramic matrices
have shown toughness values up to 24 MPam®?®
at 1000°C with cross-plied and unidirectional
strengths of 500 and 900 MPa {55]. The reinfore-
ing action of 60% alumina fibers in aluminum
gave a ensile strength of 690 MPa up to 316°C
[56]. Use of as little as 3% of pure Al,O, parti-
cles in aluminum increased strength and wear
resistance [57].

A thickness of 10=13 mils (25-33 mm) of
plasma-sprayed porous cereniic coating such as
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ity can reduce the temperature of the metad
swrtaee under the coating by 160 °C [38]. Such
coutings are used on aireralt burners und areruft
Lterburners. but not in critical parts of aircraft
aas turbines. Pore-free coatings applied by chem-
~eul vapor deposition. sputtering, or reactive
Soaporation are 70 %0 times as resistant to wear
I srosion us porous coatings. High-tempera-
- fuhrication may make use of solid ceramic

N

AP FICHBES.

1.2.2. Electronic Ceramics

y - Ceramics. Electronic)

Ceramics are involved in electronics as
siserele units; however, as component sizes be-
.ol progressively smaller, they are increasingly
inteprated intto overall electronic assemblies.

Eisner [39] has classified discrete ceramic parts

mio three categories: insulators. magnetic ce-
ramics. and transducers.

insularors represent a complex category in-
cluding integrated circuit packages. insulating
substrates, and a variety of special tube circuits.
I lectrical insulation materials are, in a sense,
Jescended from traditional electrical poreelains,
wit property requirements plus the complex na-
ture ot integrated circuits make them a new fami-
. Aluminum oxide is the dominant advanced
ceriamic insulator [11. pp. 426-429]. Tape-casi
ahemina ceramics dominate in uses requiring
Ingh heat dissipation and hermeticity. Alumina
cerimics also compete with polymers and coated
metuls s supports for electronic chips. As excel-
ke us alumina is for this purpose. alternative
autieriads are being studied in an effort to lower
e sdielectric constant, permit higher frequency
eperation, and provide a closer match to silicon
thermal expansion. Multiphase ceramics in the
ALO;-S10,-MeO fumily may be the second
zeneration of cerumics, with Si;N, as the third
venerition.

Several trends are upparent in the develop-
ment of later-generation ceramic substrates. One
e of development seeks to use low-firing, gliss-
“onded aluminas that can be cofired with cop-

pur. silver, or gold electrodes. A second line of

Jdevelopment seeks to exploit the high thermal
“anductivity of AIN [24304-(4)-5]. Another can-
didate is BeO-doped SiC. A third line of develop-
ment is concerned with tinding lower-loss mate-
rials for microwuve applications.

Ceramics, General Survey 7

Ferroelectric ceramics. primarily high  di-
electric constant BaTiO, [f2047-27-7} und
redated materials, Find use in capacitors, which
are indispensable in electronics, The use of
cheaper metals as clectrodes may lower unit costs
[tr. pp. 415-417].

Piezoelectrics ure crystals whose charge cen-
ters are offset: a mechunical stress alters the po-
larization of the'crystal just as an electrical field
would. Piezoelectric crystals are widely used
tor voltage —pressure (ransducers. Plezoelectric
ceramics. such as lead zirconate titanate
[12626-81-2], are used in a wide variety of devices
to convert motion into electricul signals and vice
versa. Vibrators, oscillators, filters, loudspeak-
ers, all using piezoelectric devices, ure essential
parts of many industrial and consumer products
[19, pp. 55, 287].

Certain ceramics are termed semiconductors,
electrical conduction occurring oniy if external
energy is applied to fill energy gaps between
filled and empty electron bands. An increase in
temperature can also provide the required ener-
gy. Ceramic semiconductor materials include
titanates. SiC. ZnQ), NiQ, and Fe,0,. In some
instances, they are used as thermistors for tem-
perature control. They may be used as voltage-
sensitive resistors (varistors) to protect against
voltage surges. as chemiczl sensors, or as mini-
heaters [19. pp. 47-50].

lon-conducting ceramics, such as f-alumina
and stabilized ZrO,, are emploved as oxygen
sensors in automobiles and as electrolytes in fuel
cells [60]. [61].

Ceramic materials having magnetic proper-
ties ure commonly termed ferrites. Magnetic ce-
ramics, such as ferrites of Fe,O, in combination
with one or more of the oxides of Ba. Pb. Sr.
Ma. Ni. and Zn. can be made into either hard or
s0ft magnets. These are widely used in loud-
speakers. moters, transformers. recording heads.
andthe like {11, pp. 417421} (— Magnetic Ma-
terials). '

The optical properties of 1 material in-
clude absorption, transparency. refructive index.
color, und phosphorescence. Optical transpuren-
¢y is often important. Glass and various ionic
ceramics are transparent to visible light, and
there are many applications for windows, lenses.
prisms. and the like. Fiber optics ofter enonnous
potential for communication: smalh tiber bundles
transmitting coherent kaser light can carey many
times the information carvied by wire cubles.
Magnesium oxide. Al;O,. and fused SiQ, are
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transparent in the ultraviolet and o portion of the
infrured and radar wavelengths. Magnesium
fluoride, ZnS, ZnSe. und CdTe are transparent
to infrared and radar wavelengths [19, p. 59],

Special pore-free AlL O, is widely used as the
inner envelope of high-pressure sodium vapor
lights. Lead zirconaie titanate ceramics are find-
ing increasing use in tight modulation and dis-
plays. Translucent Y,0,-ThO, ceramics are
also useful optical materials.

Ceramic sensors can use bulk grain phenom-
ena (such as piezoelectric effects. oxvgen-ion
conductivity. or negative temperature coefficient
of resistivity), grain boundary phenomena (such
4s positive temperature coefficient of resistivity,
voltage-dependent resistivity, or gas absorp-
tion), or controlled pore structure (moisture ab-
sorption). Oceasionally all three microstructural
features come into play, with different levels of
importance. A broad class of sensors ts based on
optical fibers [62). New types of optical sensors
using optical fibers can measure temperature,
pressure, sound, rotation, current. and voltage.
A blood oxygen meter using optical fibers mea-
sures light transmission at eight different wave-
lengths, thus permitting blood oxygen deter-
mination.

1.2.3. Other Advanced Ceramtics

One of the oldest uses of ceramics is as a
thermal insulator at high temperature, and this
role is continued in modern form, e.g., as super
insulators such as the silica tile used on the U.S,
space shuttle. Modern ceramics such as silicon
carbide and silicon nitride are increasingly at-
tractive as heat exchangers. us are fow-expansion
ceramics such as cordierite,

A potentially important market for new ce-
ramics is as implants to replace teeth, bone. and
joints. .

Ceramics have long been used in the nuclear
field as a fuel, cladding material, and shielding
material. They are leading candidates as matrices
to contain radipactive wastes for long-term stor-
age.

1.3. Characterization of Ceramic
Materials

The technology of cerumic manutacturing
rests on measurement of the structural and

chemical properties of the raw materials used in
1

Vol. A6

ceramic forming systems. The need for adeguate
lest procedures is being met by continuing ad-
vances in materials science. Many sophisticated
instruments and equally sophisticated tech-
niques are available for evaluation of formula
ingredients and of forming systems ul various
stages of manufacture [3. chap. 1],

Purity of ingredients has a protound influ-
ence on  high-temperature properties of ud-
vanced ceranucs. including strength. stress rup-
ture life, and oxidation resistance. The presence
of Ca?* is known to sharply decreasc the creep
resistance of Si1,N, hot pressed with MgQO sinter-
ing aid [63). but seems to have little effect on
Si;N, hot pressed with Y ,0; densifving aid [64].
Electrical, magnetic. and optical properties must
be carefuily tailored by additions of u dopant:
slight variations in distribution or coneentration
can alter final properties significantly. Ceramic
materials can occur in different geometries. As
an example x-Si,N, is preferred over §-5i N, for
hot pressing or ordinary sintering.

.In recognition of the importance of con-
sistent properties of raw materials and synthetic
powders used for advanced ceramic items, an ad
hoc committee appointed by the Materials Advi-
sory Board of the Nationil Research Council
(United States) gave the term charaeierization a
special, restrictive meaning in the following defi-

. nition [65]; “Characterization describes those

features of the composition and structure (in-
cluding defects) of a material that are significant
for a particular preparation. study of properties.
and suffice for the reproduction of the material.”
True characterization involves a direct correla-
tion between test results and propertics. The
mere taking of data is not characterization unless
the test procedure serves a particular function in
predicting properties of the material under 1cst.

Although this definition was desizned as an
aid in establishing significant features for ad-
vanced ceramic products and their constituents.
the concept has been successfully applied in the
lield of traditional ceramics. The muny proper-
ties encountered in forming and firing are found
i be consequences of the interaction of two or
more of a limited list of fundamentul charucter-

izing features [66]. Tuble 4 provides a listing of

sipnificant. interacting features tor truditional
clay-bused ceramics. with a partial {ist ot the
more importunt consequential properties en-
countered in forming and tiring. An exhaustive
survey of pertinent literature. in uddition to a
cortinuing review of plunt and Liboratory re-
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1able 4. Characterizing features and ceramig propertics
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Table 5. Churucterizuuon of 1wo clis -bised bodies

Churacterizing features

chemical composition
mingral composition
particle-size distribution

speeific surface

colloid modifiers

Cerumie propertics

s Tred Tormung

Firing:tired

EEELR Y EINRETI

vitrilicatien

Caer ol plasticiey shrinkuage
~erhabiliny pyroplasticity
wrnthage absorplion
cneth strength
< dispersion color
rlcology thermal behavior
¢ rate micTastructure

.2it~. hax shewn no exceptions to the list of char-
svivrizing teatures of Table 4,

. haracterization, itself rapidly developing as
adiscipline, has suggested ways whereby selected
seoperties of materials or a body can be used in
Jdovelopment and contrel of clay bodies, Sanitary
aare and vitreous chinaware are typical clay-
~ased traditional ceramic products. The chemi-
.« mineral, particulate. and surface data of Ta-
i 3 constitute complete characterizing descrip-

s al exumples of formulas used in malfing
o praducts.
Two terms require definition. The mele of fliy is the
o the pereentages of CaO. M2G. KO, and Na 0
cdwd by their respective molecular masses. The MBJ
s madene blue index) is the mitliequivalents of methvlene
Soaten tehlorine salt) abserbed per 100 ¢ of clay und s
onsuie of surtuce ares [67).

Reproducibility of desired forming. firing,
s tired properties is ensured by maintaining
2+ characterizing features within prescribed
i [060].

I'xperience las shown that when any orall of
“heingredients of a clay body must be replaced
"ae 20-0dd characterizing values of a full descrip-
onmay be reduced to 8- 10 key indicators. A
-wy indicator is a feature that is eritical o con-
“relling a partcular property. The superscript v's

iable 3 tabel the kev indicators for the two

Crapies.

theciuse fired body color is much more criti-
for vitreous chinaware than for sunitary
v the coloring effect of Fe, O, and Ti0) . must
~o luken nto account when. for example, vitre-
s vhinaware is reformulated [68]. The presenc
“Umica in sanitary ware stip-casting signiticantly

Propertics Vitreous sunitary Vigreous
wire chin
Chemical. wi"s
50, w30t G
AlLO, ha N 195
Fe, 0, 0.44 (IR
Tio, 0.28 014"
Culy .33 LI
 MgO L 013 01
K.O 208 1437
Na.O 24 L
tgnition loss 3.47 t.40
Mole of flux 0.0766* 0.0604°

Minerals, wt%

Smectite 7 RX1}
Kaolin group 327 RO
Mica 3.8 38
Free quartz ni RN
QOrganic 0.46° n23
Auxiliary Nux 20
Purticle size
% < 20 ym 76 N
% < 5um 47 43
% < Tum 3] is
Y% < Lum 25 A
% < 0.5 um 19 M|
Surface
MBI meyg (00 g 3 2T

* Key indicators,

improves the casting rate and the quality of cast
[69]. The presence of colloidal organic matter can
increase response 1o deflocculants and result in
stgnificant increases in dry bonding power [70].
The rheology of clay-based forming svstems
can be altered adversely by appurently minor
changes in subsieve particle-size distribution
[71]: the percentage finer than 1 um equivalent
spherical diameter (3 an excellent indicutor of
any change [72]. The methylene blue indices
{MBI) correlate with plastic forming properiies
and dry strength of unfired ware. both of which
are functions of specific surlace [67].

2. Raw Materials for Traditional
Ceramics

Clay-bused ceramics are predominent among
ceramic products, Clay formulas {(or bodies) may
coasist of a single clay or one or more clays
mixed with mineral modifiers such ws powderad
vuartz and teldspar. The special properties of the
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clay minerals thut permit preparation of high-
solids fluid svstems and plastic forming masses
are critical in the shaping of ware.

In developed countries, ceramic manufac-
turers and raw material suppliers usually work
together in establishing standards (2], The sup-
phier assumes responsibility for continuity of mu-
terial duality and waorks closely with the manu-
facturer in solving material-related plant prob-
lems. |

However, in less developed countries, manu-
facturers may need to depend on suppliers who
lack facilities and expertise for maintaining ma-
terial wniformity, An alternative is that the
manufacturer may be torced 1o mine and refine
his own materials. In either case, the potter must
be prepared to cope with variation in material
propertics. either by active supervision of sup-
plier mining or through in-plant beneficiation
prior to use. The characterization concept (Sec-
tion 1.3) has permitted development of objective,
simple test procedures for use in mining and
beneficiation control [17].

2.1. The Structure of Clays
and Nonplastics

The atomic structures of the common clay

minerals are based on Pauling’s generalizations
for the structure of the micas and related miner-
als [73}. Two structural units are involved in
maost clay mineral lattices. One is the silica sheer,
formed of tetrahedra consisting of a Si**
rounded by four oxvgen ions. These tetrahedra
are arranged to form a hexagonal network re-
peated to make a sheet of composition Si,0% .
The tetrahedrul apex oxvgens all point in the
same direction with pyramid bases in the same
planc. ‘
The other structural unit is the afuminum hy-
droxide, or gibhyite, sheel, consisting of octahe-
drua {n which an Al' ™ ion is surrounded by six
hydroxyl groups. These octahedra make up a
sheet, owing to sharing of edges: two layers of
hydroxyls have cations embedded in octahedral
coordination. equidistant from six hydroxyls.
These octahedral sheets condense with silica
sheets 1o form important clay minerals.

Kaolinite [1318-74-7] is the main mineral of
kuoling, with usually tabular particles made up
from units resulting fram the interaction of gibb-
site and-silica sheets;

AlLOHY, - (SiL,00° S ALAON 500 + 20H

sur-

Vol A6

The kaolinite platelets have negative charges
on their fuces (or basal planes)y due 10 an oc-
casional A7 jon missing from the octuhedea
(gibbsite) layer or an Sr*~ (rom the wetrahedral
gsilica) layer.

Disordered kaolinite ts a variant of kaolinite,

in which Fe® " und Mg? - are thought to repluce
some Al'T in the octahedral tayer [23, p. 39);

ANVCad  Fed 18,0 00OH), - M

The M* ", usually Ca* 7, is a balancing ex-
changeable cation. Hydrogen bonds between
gibbsite and the silica layers can be weakened by
changes in the octahedral dimensions caused by
replacement of the small AP~ (ionic radius of
0.05t nm) by the larger Fe*~ {0.074 nm} and
Mg?~ (0.066 nm) ions. This produces the smaller
grain size of disordered kaolinite found in some
sedimentary kaolin and ball clay deposits.

Kaolinite crystals consist of a large number
of two-layer units held together by hydrogen
bonds acting between OH groups of the gibbsite
structural layer of one unit and oxygens of adja-
cent silica structural layers. Unit layers are dis-
placed regularly with respect 10 one another
along the @ axis. In the case ol huflovsite, the unit
layers are stacked along both « and b axes in
random fashion; because of less hydrogen bond-
ing. waler can penetrate between successive
layers. thereby forming a hydrated variety of
kaolinite.

- ALIOH(S1,04) - 2 H,0

According to KELLER [74]. halloysite can ex-
ist us spheres, tubular elongates. or polygonal
tubes: thus, kaolin occurs in a number of mor-
phologies ranging from worms through stacks,
irregular platelets, to euhedral kaolinite crystals.
Particle morphology can have significant effects
on ceramic forming systems [17].

The montmorillonites result from isomor-
phous replacements of portions of Al** or
Si*” in the three-layer minerat pyrophyitite
[£2269-78-2]. which is formed by fusion of two
silicu sheets with one gibbsite sheet [73):

ALIOHY, + 2(8i,0, 7 —+ ALIOH), - 248100 » 4 OH -

When Mg © replaces some of the Al** in the
octiahedral layer, the result is montmorilfonite
[1318-93-0] (smectite).

Al M,  OH)L-2181,00 - M,

M lying between two adjacent three-layer units
as an exchangeable cation. offsetting the excess
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»muoetbmonlloite

K0 3ALO -6 50,4 H,O

SHLO

~sab-plune negative charge. Because the SO, of
et umit layers are held together only by

C+bovan der Waals attraction, montmorillonite

ueles ure thin and small,

il one-quarter of the Si** ions of the tetra-
~odral lavers of pyrophyllite are replaced by
\1' .« charge of sufficient magnitude is pro-
Juewd to bind univalent cations in regular
1 2gold coordination. If the cation is K *, the
sl is muescoviee mica [1318-94-1] [23. p. 23}

v 2 ISE AL O

- hecution is Na ", the result is paragonrite mica

RN ERRSAY R
oo 28 L AL LD

Many natural clays contain a micaceous min-
cral resembling muscovite but containing less
A und more combined water than normal
scovite, This idlite [12£73-60-3) occurs in sedi-
entary clays sometimes associated with mont-
conflonite and kaolintte. Analyses of illites

0 sarious localities show K0 contents of

T3 S0, of 38-53%; and AlLO; of
o 1I"as Knowledge of illite is as yet incomplete
“23 pp. 24 -25).

Tuble 6 shows the names and chemical com-
posttions of plastic clay minerals and nonplastic
anered atuminum and  alkaline-earth silicate
sunerats commonly  encountered in ceramic

A!.l}\.

2.2, Clay—Water System

When a clay is dispersed in water, its balanc-
My exchangeable cations retreat to a distance
irom the clay determined by their size und

charge, forming an electrical double tayer. If the
water contains cations of a different kind and
charge. an exchange ol solution cations for clay-
held cations may occur. Some cations are at-
tracted more strongly to the clay than others.
Cations can be arranged in a lyotropic (Hot-
meister} series {22, p. 24]; hydrogen is held most
strongly and lithium least:

H Al Ba 5r Ca Mg NH, K Na Li

The capacity of a clay for absorbed cations is

termed its cation exchange capacity (c.e.c.) and is

a function ot clay specific surface [76]. The usual

measure of the cation exchange capacity is the

MBI (see p. 9).

The stability of a suspension of clay particles
in water depends on the degree of deflocculation
of the particles. Deflocculation depends on the
character of an electrical double layer made up
of the following parts (22, pp. 92-110]:

1) Negative surface churge consisting of the inherent nega-
tive planar surfuce churge plus absorbed OH on normal-
ly positively churged edges

2y Absorbed taver of cations at the negative surface. the
Stern layer

1) Diffuse cloud of cations thut extends 10 a distance from
the charged particle that is determined by the
4} concentration of ions in the bulk solution away from

diffuse cation cloud

b} size and charge of the cations

The thickness of the electrical double layer is
a maximum when the concentration of hvdrox-
ides or hydrolyzable salts of the monovalent
cations of the Hofmeister series is the minimum
needed to {ully churge the clay surfuce. Excess
deflocculant reduces the exient of the diffuse
tayer.

In the absence of o doubte tayer. the bringing
together of two cliy particles by Brownian mo-
tion resufts in tormation of a doublet, Attraction
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between platelets s cither by edge —face attrac-
tiore or by van der Waals force, or hoth. Where
the normaliy positive edyge has been neurralized
or mude negative. there is only van der Waals
attraction. Particles provided with diffuse, ex-
tended counterion clowds cannot approach one
another closely enough to altow the tnherent van
der Waals forces to function fully {21, pp. 183 -
212), so defloceutation or reduced locculation is
the resule. .

The very polar warer mofecules are attracted
strongly 1o pegative faces or positive edges of
clay particles. The adsorbed water molecules, in
wirn. dtiract other water molecules, and these. in
turn, adtract yet other water molecules. Thus, a
wiater struciure 1s built on the surfaces of clay
pluteiets or rods. The extension of the water en-
velope trom the particle surface is thought [77] to
depend on the size and valence of the cations
present in the water. Exchnngeable cations can
adsorb water molecules and build up a structure
whose extension trom the clay surface depends
on the amount und kind of canons present.
Where large singly charged cutions are present, a
loose. wide extension occurs; for small multiply
charged cations. the counterion cloud is compact
and less extended [77], Water of plasticity and
plastic qualitics are functions of surface area.
particle geometry, and exchangeable cations.

However. if aclay is allowed to absorb organ-
ic eollodds. such as tannic acid or humic acid col-
ioids derived trom soil organic matter or lignites,
the attraction between clay particles is greatly
reduced. water of plasticity drops stgnificantly,
response to deflocculants is enhanced. and dry
strength rises [70], Apparently the absorbed or-
ganic particles with their absorbed water layers
neutralize positive edges and provide a2 measure of
steric hindrance 1o the close approach of particles.

Deflocculation ts. thus. a neuiralization reac-
tion between acidic groups of ubsorbed organic
colloids and ihe monovalent cations and hydrox-
¥l groups provided by the deflocculating com-
pound, rather thin a reaction between clay and
the deflocculant. Some functional groups are
more responsive than others: as 4 consequence,
organic-bearing ball clays vary in their forming
properties,

The hydroxylion ts necessary in the defloccu-
tion of clays [70]. The presence of any soluble
sulfate or chioride salts in the clayv ~water system
reduces the formation of OH ™ and lessens the
deflocculating effect of @ given yuantity of de-
tlocculunt.
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2.3. Commercial Ceramic Clays

In the United States and the United King-
dom. the mujor classes of ceramic cluys are
wrmed Kaolin (or china clayy and balt clay. Kao-
fir may occur At its point of origin in primary

deposits or in sedimentary deposits composed of

clay purticles washed from the point of forma-
tion by stream uction and luid down in quiet
witer, Kaolin deposits ure widely distributed in
the temiperate zone. However, in the tropics al-
teration may be rapid. resulting in bauxite {78,

The term ball clav has no technological sig-
nificance: it is derived from older mining practice
in England, whereby cubes of moist, plastic clay
were cut from the working face with a speciul
100l rolied down the clay face. assuming a
vaguely spherical shape, and loaded onto

wagons by women workers (ball maidens). A -

general definition of bali clay would be sedimen-
tary clay of fine to very fine grain size. consisting
mainly of ordered and disordered kaolinite with
varying percentages of illite, mica. montmoril-
lonite, free quartz, and organic matter.

Clays classifted as ball clays are widely used
in North and South America. England, and to an
increasing extent. in Asta. Ball clay is far fess
used in Europe. The use of ball clays in clay-
based forming systems is designed to improve
plasticity, reduce water of plasticity. increase un=
fired strength, improve casting slip properties,
and in some cases, improwve firing and fired prop-
erties. The unfired functions of a ball clay can
sometimes be matched by treating fine-grained
kaolins with colloidat organic substances {70].

Table 7 characterizes representative china
and ball clays {rom major producing areas in
England and the United States. The china and
ball clays from Thailand provide examples of
ceramic clays available in less-developed nations.
The mineral constituents of the clays of Table 7
were calculated from the chemical analyses with
a procedure suggested by HoLDRIDGE [79).

The primary kaolins of the chiny ciu} depos-
its of England and Thadand contain more mica
than the sedimentary kuolins of Georgia (United
States). as demonstrated by dheir higher K,0
contents [66]. English ball clavs wre much higher
in mica than their US. anadogues [79) Micu has
favorable e¢ffects in slip casting and provides a
measure of fhuxing.

The flow diagrams of Figure 1 are represen-
tative of mining and refining practives in bl
clay producing ureas of Dorsetshire and Devon-
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| able 7. Charicterizations of typical clay
Properties Clay*
A 13 C 0D I F G H 1 K
wamcal. Wt
il 157 36,7 I [ 16.6 47.2 4% 3 398 49,0 KN
\ .'11 AL 8.2 28.7 27.0 kA 1.6 323 26,4 REX{ 244
Loy 0,41 0.60 0.9 0.93 .69 (.50 (1L.U8 (3] 0.71 1.26
S 1,53 1.42 148 1.62 0.07 (.05 (W 1] Ly 0.02 ny2
S 0.08 0.12 0.40 0.28 0,19 (120 048 0.20 0,35 nus
Al 0.06 0.20 0.30 0.26 0.20 008 0.21 0.51 0.34 1,03
MOV s 0.06 0.15 089 E70 1.47 L35 bRy 142 282 RIS
NS 0.44 0.03 0.18 0.50 0.08 0.07 0.19 018 (.48 12
§epntien Lass VI6S EXTY 1658 .59 1266 1262 147K 788 bk 8.64
snerals, wita
MMontmerillonite nil 3 8 7 i} 2 6 14 y 2
torehin group 2% 93 38 +4 0 82 60 RS 6 h&!
i 2 M 10 2 12 11 18 13 27 22
e GURITZ e 1 14 26 1 | 9 23 3 19
Ve trace trace b 0.5 trace trace 5 2 nil 3
fevcke stae
20 93 99 99 98 100 88 96 97 17 93
RRTH 69 38 93 79 97 74 91 35 s 87
s Zpm 52 72 82 61 64 30 83 81 16 72
el pm 35 56 69 43 57 23 77 75 19 36
ipm 28 41 51 29 a5 13 62 65 Ih 43
sy
SN meq 100 g 1.& 1015 121 36 54 x4 8.7 12.8 34 16.5

© ko designations:

Y1 Coarse kaolin, sedimentury, Washington County, Georgiz. United States
He B Kaolin, sedimentary, Wilkinson County. Georgia. United States

+ Dark fine ball. Graves County, Keatucky, United States

P Coarse dight ball, Weakley County. Tennessee, United States

I+ Fine ching ¢lay, Cornwall, England, United Kingdom
P Coarse ching clay, Cornwall, England, United Kingdom

tor Dark ball, Devonshire, England. United Kingdom
Tiv Light ball. Dorset, Englund. United Kingdom

I Ching clay, primary, Thailund

Ko Ball clay, Thailand

<ie and china clay deposits of Cornwall in
revland. The ball clay deposits are very thick
~1th relatively thin overlaying soil. The china
vhiy deposits are kaolimzed granite and consist
Lirgely of mixtures of kaolinite, muscovite mica.
Juariz, and small amounts of accessory miner-
Al Over the past 40 vears. the clay producers of
Fnglund have ruised mining and refining of their
mderials o a very high level of technology. Asa
-otsequence of already desirable clay propertics.
upled with close control und technical com-
“eienee. 4 large export trade has been developed.

ke thin overburden and thick deposits of English ball
- a3 permit bath open-pit mining and underground mining.
Pipenepit operations are of two types: (1) excuvating of
-nlorm seams with backhoes und (23 selective mining of
ome cheys with a spade-carrving version of the pnetnitic
“wihammer. Aie-spaded clay s lilted from the pit with a

boom. placed in a truck, and triansported to a processing
center. Backhoe-dug clay is placed directly into the truck
tor transport to a processing center. Underground ball clay
mining 15 done either with air-spuding for selective mining
or by a rotating cutter that loads the clay directly inte Lhe
mine car for transport to a processing, storige, and refining
cenler.

English bail clavs are stored in acvordance with types
determined by characterizing leature tests. Clays are sliged
(shredded) into thumb-size picees and olten blended with
one or more other selections o provide controdled. speci-

tied properties. Such blends muy be extraded in the torm ot

peliets for bulk shipment or dried snd subjected 1o grinding
o refined powder in un air-elutriation grinding milk.
Adr-tlodted cliy is usually bugged (or shipment.

Enghsh chini clav is recovered by subjecting the paseat
are to “hydraulicking™ thigh-pressure jet of watery, The
clav and fine mwscovite micy are wparated tfrom the ore

wnd transported by the resebing stream Lo a classdier Tor

removitl of the coarser micie and quarte. Furder noneluy
impurities sre pemoved with o hvdroevelone, The tow-
salids sdip is thickened, characterized, wid stored as o 20"
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Figure I. Flow dizgrams showing mining and processing methods for the English ball clay de
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eaiide slurry, Two or more slucred chis clay selections
v be bleaded 1o give desired. controlied properties be-
litter preasing and dryving. The dried clay may be
sped 1 bulk pellet Form or passed through a pulverizer
o shnpped 0 bags,

IFrzure 2 provides flow dizgrams represental-
ot mining and refining metheds employed in
< sedimentary Kaolin deposits of Georgia and

~euth Careling dnd m ball clay deposits of Ten-

raee und Kentucky, Overburden is usually no

mare than § - 10 m thick. Newther ball clay nor
waolin deposits exceed = 13 m. All mining is
apen pi[.
selective mining hased on deill hole and working face
Cooanaterization wests s done with dragline or power shov-
{ransport from pit te processing and storage sites is by
s edrmving 10 cup to 10 km. Storage is in the torm
cndded ey,
dins ure blended to specification und either dry-
for bulk or bugged shipment or subjected to wet
wowing. Highesolids slurries (70%) are prepared for
1tk vt ~hipment to ceramic plants using slip-cast manu-
wiunng. Low-solids slurries are subjected to cenirifugal
actionation with subsequent thickening, fAltration. and
Arving, The dried titer cake may be shipped in bulk, air-
Seated and sent in hopper cars as bulk, or pulverized for
s <hipment,
I'he ball clays are blended to specification and shipped
s+, s high-solids slurries. or dried.

The processting of clays for use in ceramics is
»Jdeseribed under - Clays.

2.4. Commercial Nonplastics
for Ceramics

\ lurge proportion of ceramic ware is made
fon clity-based formulas whose major constitu-
sisure cliay minerals. powdered silica, and pow-
el teldspar or a relased feldspathoid. Such
~fosure termed triaxial [11. pp, 178-183]. The
“oaag feldspathoids and silica minerals are
“med nonplasiics. The term fling is properly
£ad only with reference to powdered flint peb-
e, . .
The feldspar group of minerals is the mos
important source of fluxing oxides for clay
Sodics, ANl are frumework  aluminosilicates
“oedonun $i0, structure. Replacement of Si* -~
AP results in charge deficits that are bai-
e by K7L Na 7 or Cat~ lying in framework
~In. The smaller Na ™ and Ca?* ions confer a
sirent erystal structure than the larger K 7 jon.
.\I'ni[c [12244-10-9) (NaAlSI;O4) and anorthite
1302-34-1) (CuAlLSi,04) are isomorphous and
inrm the plagioclase solid-solution series. Albite
And anorthite are triclinic. whereas microcline
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Fr2251-43-3) (KA181,04) is monoclinic, Neph-
cline svenite is a type of rock conststing of
nephedine [£2257-27- 31 (K ,0 - 3 Nu, 04 ALLO -
Y 510 ;) mixed with microcline and albite.

An old saying. attributed 1o the Chinese [ 1.
P 921 says in effect that sifice [7A37-86-9] is the
skeleton and clay the flesh of o cerumic body.
There is a tendency to regard silicy ax un inert

substance in the body. However, this is fir from

the case: Lhe silica cun have profound effects
both in forming und firing.

Table 8 provides examples of Nuxing feld-
spathotds and silicas used in clav-based cerumic
formulations. The mineral constituents of the
feldspars and silicas of Table 8 were calculated
from the chemical analyses with a method by
KoeNIG [80). Feldspar A is a froth-floated feld-
spar recovered from North Caroling alaskite
granmite. Material C is drv-ground. selectively
mined nepheline svenite from Ontario. Canada.
Material E is wet-ground feldspar from Thai-
land. All are successfully used in clay-based ce-
ramic formulations.

In addition 10 the feldspathics and silica.
some clay-based bodies contain caleined AlLQ,
to increase fired strength; ground limestone and/
or dolomite as auxiliary flux: tale for special
heatshock bodies and wall tile: chlorite to lower
the maturing temperature of slip-cast porcelains:
or wollastonite, a wall-ttle body constituent.

The principal sources of poitery and glass
grade feldspar in the United States are deposits
in Connecticut, North Carolina. South Carolina.
Oklahoma. and California [81]. Nepheline sy-
enite, also widely used in ceramic formulations
and in glass batches. is produced from deposits
in Methuen Township, Ontario, Canada [82].

Prior to 1940 all feldspar mined in the United
States was selectively quarried. crushed, and
hand-cobbed on picking belts before being
ground. Just after World War I a froth floating
procedure began to be applied 10 mixed-mineral
rocks containing teldspar. A1 the present time
over 80 % of the feldspar produced in the United
States is recovered by froth flotatton from a vari-
ety of ores, including alaskite granite, pegmatite.
graphic granite. beach sand. and weathered
granite. The remaining feldspar. mainly high
KO feldspar, is block mined, hand-cobbed. and
processed dry. Nepheline syenite 15 also selective-
Iy mined and subjected to dryv processing.

Figure 3 provides a generalized flow dingram
for froth flotation recovery of feldspur from
couarse granites.
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Table B, Churacterizations of typical nonplastics
Propertics Feldspathic: Feldspathoid* FlintiQuarte*
A i « (D] I i G H 1 |
Chemical, wi*s
SiO_. 068 [ o7 79.5 T 6.6 YR.3 wim RER us7
AlLO, 19.6 17.5 RER 12.0 160 0.2 0.9 0.3 n.2 2
Fe.(d, o4 LX3E 007 XA .20 (L0 URIL 1idn LIXITY 003
TIO: ol 134 .ol n.06 (LD
CaQ) L7 (IR 070 .20 1.54 0.20 0.2 .20
MgO trace trace 0.1t 0.0% 37 04 0.0 (U]
K.O E) 10,40 4.60 .80 0.06 0.9 0415 (30
N0 690 3.00 980 i90 .04 113 0.04 w03
lgnition b 0.0 0,30 0.0 0.43 042 1.58 017 0.20 042 1.60
Mole of tlux 04728 06k 00,2220 0092 00768 G124 00028 0.0123
Mincruls, wt"
Feldspurs EM 33 75 48 81
Nepheline 24
Mica 4 7 triace 2
Quariz 4 9 Xy 18 9% a7 97 99 9
Clay 3 | | Lrace 6
Organic - trice triace
Other i 8 : 4 2 3 [ I
Particle size
% < 20 pm 07 6 bR 60 33 56 57 78 R 33
Yo < Sum 26 26 22 23 20 14 1% 26 13 12
Y% < 2um 1 12 9 11 10 3 7 L] Nl 3
%o < 1pm 9 ] 3 6 5 1 2 3 ! 3
%< 0.5 um truce 1] truce 2 2 i 2

*

Key 1o designations:

A} Flowaion feldspar, Mitchell County, North Curolina. United States
B) Block feldspar. Custer Couniy. Seuth Dakota, United States

<)y Mepheline syenite. Ontario. Canada

D) Cornish stone. Cornwall, England, United Kingdom

Ey Feldspur, Thailand

F} Fliat. France

G) Quartzite, Pennsylvania, United States
H} Quurtzite, Venczuela

J) Silica sand. Califorria, United States
K) Silica sund. Philippines

Alter (normally) thin overburden has been removed
from the ore. the granite is blasted and transported to
processing plant. The barge pieces are passed through. sue-
cessively, a juw crusher und cone crusher to prepare rodmill
feed,

From the feed bins the thumb-sized pieces of ore pass
through rodmills where they ure reduced to millimeter-
sized grains. The rodmilled pulp then poes onlo rotating
sereens to remove oversize. which is returned to the rodmill
for further grinding. Passage of screened pulp suspended in
water through a hydroseparator removes most of the {ings
that might intertere with the chemistry ol olation process-
es. The sized. de-slimed pulp is then sent 10 a chemical
conditioner where the mica particles zre treated (o promote
bubble udherence. The underflow (feldspar. quariz, and
garnet) is conditioned chemically to allow only the iron-
conlaining garnet to be attracted to bubbles and so
removed in the froth overtlow, Next comes separation of
leldspar from the quartz by adjusting the reagents o cause

teldspar particles te adhere to the froth and the quariz to
he rejected.

Final steps involve draining, resushing to remove re-
agents and draining of the cleaped products. passage of
dratned material theough a dryer und through a magnetic
tield, und finglly starage. Poltery uses yeyuire fine grinding;
gluss grade requires no grinding ol the grunular feldspar or
quartz.

Where a deposit is sutficiently pure. block
feldspar may be processed us shown by the dia-
gram of Figure 4.

The blasted block material is pussed through s jaw
crusher prior to passage through « rotury dryer intu i surge
bin, The crushed, dried product passes through a cone
crusher onte a 2.d-mm vibrating screen. with any oversize
being returned tor further crushing.
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Quartz bin Feldspar silos

. Vignre 3. Flow diagram showing typical froth flotation re-

<o ol muscovite mica, feldspur, and quartz from a
*arinite found in western North Carolina

he nunus-2 4-mm product gows intw a surge bin that
s high-intensity magnetic separalor; magnetic parti-
-0 s 1o waste, while ponmagnetics go to mill feed bins,
Miting is by pebble mills: ground product goes (o air clus-
iurs, with any oversize returned for further milting. Un-
wraee pisses 1o storage silos for bagged or bulk-loaded
~ wpinent. Nephedine syenite is processed in muech the sume
miner. with an additional step designed to produce 4
manus-bh-mm size for glass batching.

i, Raw Materials for Advanced
Ceramics

Although traditional ceramics are composed
of natural raw materials that are physically sepa-
rated andd reduged i size. sdvanced ceramics re-
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Figure 4. Flow diagram showing a tvpical cobbing {hand
selegtion) method Tor mining and processing @ pegmalite
leldspar in southwestern South Dukot

quire chemical conversion of raw materials into
intermediate compounds. These intermediates
lend themselves to purification and eventual
chemical conversion into 4 final desired form.
Oxides and cirbonutes available in powder
form include those of Al Sb. Ba. Be. Bi. Co. Mn.
Mg, Ni, Si. Th, Ti. and Zr. Also available ure
carbides of Si. Ti. und W oand the nitrides of Al
B HILSi und Zr. However, needs exist for spe-

chitlized powders for some advanced ceramics,
and i variety of chemucal routes can be used 1o
svrithestze these powders, Chemical routes. such
a5 sol -gel processing. can bypass the powder

~hige.
Requirements for high strength and smooth
finishes, particularly of small puarts, necessitute
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fine-grained powders. Thus, one line of ad-
vanced ceramic research aims at preducing very
fine. essentiadly spherical, monosize particle
powders. These are typically made by colloidal
chemistry for oxides. Nitrides and carbides in-
volve controlled nueleation and growth in gas-
phuse reactions, However, moit high-technology
ceramics are stll made from powders with broad
size distributtons in the submicrometer {under
1 pum) range.

3.1. Metal Oxides and Carbonates

Alumina [{344-28-1] is derived from bauxite
by selective lcaching with NaOH, precipitation
of purified ANOHY,. and thermal conversion
of the resulting fine-size precipitate to Al;0,
powder (~ Aluminum Oxide) for use in poly-
crystatline Al,O;-based ceramics. Antimony
[7440-36-0 is dertved from Sb,S; (stibnite) by
reduction with tron scrap, and antimony trioxide
[1314-60-9] is formed by burning antimony in air.

Barium oxide [7304-28-5] is obtained by de-
composition of BaCO; at high temperature: the
carbonate itself is made by reaction of Na,CO,
with BaS. Beryllium oxide [/304-56-9] is pre-
pared by heating Be{NO;); or Be{OH),. Bis-
muth oxide [/3327-64-3] ts obtained by heating
Bi(NOj;); in air,

Cobalt compounds are derived from ore con-
centrates by roasting and leaching with acid or
ammonia; the oxide [/307-96-6] is formed by cal-
cination of the carbonate or sulfate. Magnesium
oxide [/309-48-4) is readily availuble as the

99.3% pure grade powder. but greaier puniy -

may require calcining of high-purity salt solu-
tions. Manganese oxide [/344-43-H can be pre-
pared by calcination of manganous nitrate.

Nickel ores are cither sulfidic or oxidic. Sul-
fides are flotation-sepurated and roasted to sti-
tered oxide. Oxides are treated by hydrometai-
furgical leaching with ammonta, Nickel oxide
{1313-99-1] is then prepared by gentle heating
of Ni(NO;), 6 H,0. Strontium curbonate is
formed by boiling ceiestite, $:80,. in a solution
Of (NH),CO,: SrO{1d14-11-8) is formed by de-
composition of the resulting SrCQ,;,

Vanadium pentoxide [[314-62-1] is prepared
by ignition of alkali soluttons from vanadium
minerals. Zine carbonate {J484-35-9] is prepared
by action of sodium bicarbonate on u zine salt,
such as zine chlortde, Zirconia [7.704-23-4].
2r0y. s derived from Zr(QH), or Zr(COy),
hy heating,

Vol. AB

3.2. Borides, Carbides, and Nitrides

Boron and carbon cun be mude into B,C
[/2069-32-8] by heating B,O; and carbon in an
electric furnace, Boron nitride [/0043-11-3] is
made by heating B,0; and iricalcium phosphate
in an ammonia atmosphere tn an electric furnace
(— Boron Carbides. Beron Nitride. and Metal
Borides).

Boron, carbon, and nitrogen cun be made
into other synthetic compounds with refractory
and wear properties. Examples are silicon car-
bide {SiC). stlicon nitride {SiyN,), tungsten car-
bide (W(C). titanium carbide (TiC), titanium ni-
tride [25583-20-4] (TiN}. tungsten boride (WB,).
A translucent AIN has been developed that is 5
umes as thermally conductive as Al,O4 ceram-
ICS.

4. Processing Ceramic Ware

Traditional and advanced ceramic industries
use many techniques for processing their prod-
ucts. The exacl process is governed by the nature
of the forming system. the size and geometry of
the piece. product specification. and practices in
various areas of the ceramic industry.

Most ceramic manufacturing processes start
with formulas consisting of one or more particu-
late materials. These formulas are used for shap-
ing products that are further processed by firing
and by finishing of the fired items.

In many cases products have complex shapes
made by use of one or another of such forming
techniques as dry or isostatic pressing. plastic
shaping. extrusion. slip costing. injection motd-
ing. tupe casting. and green finishing. These
shaping techniques ure based on some old — the
potter's wheel, for example — and some new
procedures developed {rom recent research find-
ings.

Forming systems employed in making tradi-
tional and advanced cerumic ware ure (1) liquid
suspensions. (2) plastic masses. or (3} more or
less dry granulated or powdered formulations.

4.1. Preparation of Ciay-based Forming
Systems

The clay bodics of traditionul cerumics are
normually mixtures ot ¢clays and powdered non-
clay minerals or else gatural mixtures of clay
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(’/,’//2?/’1 ///;/://H/é Soft plastic: 20-30% meisture

7////% Extrusion: 12-20% maisture

Dr¢ press 5-15% moisture V/W%

Dust press: 0-2% moisture W
Isastatic: 0-15% moisture V///////////

72 . .
Stin casting: 20-359% maisture
]

4 Il

10, 508

0 0% i0®

Forming pressure, kP3 ——m

fivure 5. Moisture content und pressure ranges required for shaping clay-based forming systems

substinces and noncluy particulate matertals.
Vosg clavs occur us sgeregates of clay particles.
A\ en contacted with water. such aggregates
sind to break apart or slake, The development of
: waler structure on the surfaces of the particles
-osulls i plasticity (see Section 2.2, Clay - Water
~sstem). I sufficient water is added 10 the clay
<id the mixture is agitated. a dispersion forms.
Hecause the powdered nonplastics, i.e.. the non-
<y do not develop any great degree of plas-
oty when moistened with walter, the various
e systems of traditional ceramics depend
< the plastic component (usually but not always
seio pravide 1) the workablity required in

¢ rornung or dry pressing. (2) the defloccu-
it response of fluid systems in slip casting, and

S1ibe green and dry strength of unfired ware.

Figure 3 shows the moisture-content varia-
2on and forming-pressure ranges for soft plastic
haping, extrusion. dry pressing. dust pressing.
~oslilic pressing, and slip casting of clay-based

Sendios,

Hecause the ingredients used by any given
SHomay range from highly purified to as-
rad bump materials, the body preparation pro-

-y mustvary with the particular circumstances.
Henvever, the main ohjectives of processing are
<haays (1) to arrive at as intimate 3 mixture of

Jayand nonplastic particles as possible, {2) 1o

provide uniformity of shaping properties from
lot to lot. and (3) to maintain uniformity of firing
and fired properties from lot to lot.

Preparation processes for these forming sys-
tems can be divided into twe general classes: (1)
wet processing and (2) dry processing.

Wet Processing. Wet processing is usually
employed whenever one or more of the ingredi-
ents needs initial or supplementary beneficiation.
General practice in the United States and the
United Kingdom subjects dinnerwuare bodies
{Table 5. Vitreous china, on p. 9) to wet process-
ing 10 ensure adequate dispersion of clay constit-
uents. permit sieving for removal of oversize, and
allow magnetic ireatment to remove iron purti-
cles. Such a process uses relatively unrefined
shredded or lump ball clays and filter cake or
coarsely pulverized china clay.

Third-world ceramic manulacturers may
have access to producer-beneficiated materials
but often must depend upon their own mines for
it teust a portion of their ruw materials. In some
instances beneficiation of local materiuls bhe-
comes an integral part of body preparation. in
the People’s Republic of China and Thailand,
for example. the silica and fluxing feldspars may
be received in block form and ground during the
body preparation process.
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Because grinding is readity accomplished by
dry crushing, followed by wet ball milling. one
approach is to wet-grind the aonphastics atong
with a small, lixed percentage of suspending fine
clay. The noaplastic slop (suspension) is then
sieved, deironed by magnets, and stored in agita-
tors. Clays are wet-dispersed as suspensions,
sieved and deironed, and then blended by for-
mula with nonplastic slop in agitator tanks.

A modification of this method is w simply
weigh all formula ingredients as o unit, transfer
the batch to 4 ball mill with the required water,
and mill to a specified sieve residue percentage,

For plastic or dry-press forming systems, wet
processing is done in the floccutated siate. In-
deed. flocculation is often enhanced in prepara-
tion of high-tension electrical porcelain bodies
by addition of AICH, or MgS0, . Sufficient water
must be used to allow sieving and passage
through a magnetic separator.

Consistency of plastic masses is controlled
by four major factors: (1) specific surface of the
body. (2} medifying inorganic ions such as Ca?™*,
Mg?* AP, SO, and Cl™, (3) the amount and
kinds of organic colloid present, and {4) the pro-
portion and temperature of water present.

The water content of plastic forming systems
is reduced to a working level by filter-pressing
and., when necessary. by further drying of the
filter cake. Air is removed from the filter cake by
passage through a vacuum pug mill,

Pressing dust can be made from filter cake by
drying the cake and passing the dried cake
through a granulating hammer mill. Otherwise,
sieved and deironed slip can be diverted to a
spray drier and formed into pressing-size gran-
ules.

Dry Processing. The flow diagrams of
Figures t-4 (Chap.2) indicate that finely
ground, deironed clays and nonplastics can be
obtained in both North America and the United
Kingdom. Such materials make it possible to
prepare both plastic forming systems and press-
ing dust without a slip stage. Dry pressing dusts
are prepared by dry blending the ingredients
with ribbon blenders or rotating cone mixers and
then incorporating the required moisture with a
muller mixer. If sufficient water is mulled into
1he mix and the resulting plastic mass is pussed
through a vacuum pug mill, the resuliing form-
ing system can be used for plastic forming.

Refractories and heuvy clay products are
usually made from combinations of ¢lay and
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coarse nonpiastics by crushing them in a wet pan
{heavy rollers revolving in a pan) and adding
water plus other maodifiers. By variation of the
woisture, the mulled mixes can be made into
pressing dusts by granulation or into plastic sys-
tems by o deairing operation,

Casting Slip. Although flter-cake cluy body
is sometimes made into casting slip by addition

of deflocculating agents. by far most casting slips’

are made by direct wet methods.

Clay-based custing ships must be made to cast
to a firmly plastic stiute within o prescribed time
range. Casting properties, such as rate, amount
of retained water, and plasiic quality of custs, are
each in some way related 1o freshly stirred con-
sistency of the slip and its tendency to thicken on
standing. Common practice in industry 1s to con-
trol casting properties by maintatning o constant
solids concentration by measuring slip specific
gravity and adjusting sfip rhealogy to targeted
freshly stirred viscosity and thixotropic gelling.
Unfortunately, the mere meeting of a targeted
rheology is no guarantee of constant casting per-
formance.

Variation in sfip temperature can alter shp
viscosity and casting race significantly [83], Thus.
it is possible for two slip batches at different tem-
peratures to have identical viscosities and thi-
xotropies, yet to cast in decidedly different ways.
Ryan and WORRALL [84] found that the nature
of exchangeable cations in casting slip governs
the rate of cast under constant temperature and
rheological conditions. The custom in sanitary
ware slip control is to buffer the effect of
deflocoulant-enhancing organic colloid by uddi-
tion of divalent alkaline-earth-metal carbonutes
or sulfates to control the rate and structure of the
cast [835].

The rheology and casting properties of cast-
ing slips are strongly influenced by upparcatly
minor changes in the distribution of particie sizes
in the subsieve region. BROCINER and BaiLEy (86)
have shown that the coarse kaolin component of
a casting slip can be made vartably finer as the
input of energy imparted in blunging or ball miil-
ing is varied: the mixing or milling operation
must be very carefully controlled. and hoth
equipment and time of mixing should be kept
constant.

In direct prepuration of casting slips. on ocgasion a
stundard sequence und timing of additive and raw material
introduction inta the mixer is not wilowed. if, for exampie,
a light ball clay is added [irst with the N, CO, | luliowed
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cie-bearing ball clay. the amount ol adjusting
o alweate required fs signiticantly greater thaa i€ the
. order were used, and the resulting slip requires o
,r seng perind, I defloeculation is initiated with so-

qn:-:u: and the Nu, CO s added later, the aging time

« oreativ ostended. When slips prepared by using dif
enenees of addition are adjusted o the same vis-
) L riaotraps. their casting rates and cast strue-
- e Tikely Lo difter sigailicantly.

| quipment. Those plants that grind their own

Cspasiteso use Al milfing, either continuous .-

- erindirtg in an air-swept conical ball mill or
i wet grinding in u cylindrical balt mill. Dry
~omdine demands that the feed malterial be dry
L noid packing and to allow air sweeping of
“eowooa eollector. Wet grinding is claimed to

cowire less power than dry grinding, but dry

- iy produces less wear on the mill lining

sanding media [88, sect. 6, pp. 20-235].
(a1l mills belong to a class of grinding devices
it tunibiing mills. The rotating container s
~dinder mounted with its axis horizontal. The
: {uiing action is due to the tumbling of the
srinding media, which are cast iron or steel balls.
fand rock (e.g.. flint pebbles), or some nonmetal-
s onuterial such as high-alumina poreelan {88,
wol hoopp. 20251
Riunying refers to the agitation or blending of
Canue muaterials in @ mixing tank equipped with
smpeller to stir the suspension and baffles to
ot othe suspensiton to the impeller. Impellers
be simple paddles or spectally designed

~apes tor inereased efficiency of dispersion [89].

Sercening {or sieving) of fluid dispersions is
“ormed wet screening, Two general types are em-
shoved in the sieving of blunged or ball-mifled
Hoss il an inclined rectangular panel of wire

~~h having the proper openings and (2) circular

“ooas The inclined rectangular panels are sub-

« iovibration that agitates and separates the

~orpartcles during transit of the slip. Vibra-

. w1t be by shaking or electromagnetic pulse

Tt YLopp. 34-37)

Circular vibratory screens can {90] effectively
irate particles as fine as 44 pm in diameter.
e bitsic arrangement consists of a motor plus
wierchangeable frames that hold screening wire
- thoand discharge ports. The frame is held
©wedly o g main sereen assembly, The motor has
el upward and downward extended shafl

Sndwith eceentric weights, The main screen
~ouibly by omounted on a circulur buse by
-rings that permit the assembly 1o vibrate free-
+. while preventing vibration of the floor. A
sumher of three-dimensional patterns of the sus-
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pension on the screen can be developed by vary-
ing the angle between top and botiom weights.
This type of screen is widely used in the United
States and the United Kingdom.

Screens used for pressing-dust sizing are rela-
tively coarsely meshed (2.0-3.0 mm), whereas
those used for plastic body systems and casting
slips are much fner (0.20-0.05 mm).

To remove magnetic particles. granular non-
clay-ball-mill-feed-can be subjected to a magneric -
separator, passage either through a magnetic
field or over a magnetic pulley prior to the grind-
ing operation. Suspensions of clays or nonclay
powders can be passed through the grid of an
electromagnetic purifier prior to the dry or
pugging operations. High-gradient magnetism is
capable of removing such colorants as TiO,
from kaolin slurries; this can transform the high-
TiO, Georgia and South Carolina kaolins into
very white-firing fine-china constituents [91].

Dewatering of slips for preparation of plastic
forming systems or pressing dusts is usually by

Silter pressing. The basic concept of filter presses

involves feeding the slurry under pressure into
the space between square, round, or rectangular
plates. This space is created by frames that alter-
nate with the plates. Plates are hollow and nor-
mally covered with filter cloth. As the space fills
with suspension under pressure, the liquid is
forced through the cloth and drains away as the
solids form a cake [92].

Puygging is the process of blending clays and
wiler by manual or mechanical means. A piig
mill is an open trough with a lengthwise shaft on
which are mounted blades that blend the clay
and water to a plastic forming system of the
desired consistency. Filter-cake bodies are sub-
jected to a combination of pugging in an auger
trough, coupled with passage through a vacuum
chamber. f{ollowed by extrusion. Vacuum pug
milling (or deairing) makes the plastic mass more
workable and cohesive by elimtnation of the wir
from the system [13. p. 267).

A fluid suspension of particulate material can
be dried and formed into pressing dusts or grae-
ules by spray drying. A spray dryer consists es-
sentially of & drying chamber. A downward flow
of heated air 1s introduced at the top of this
chamber. A flow of suspension is transformed
inte an upward flowing cloud of droplets by u
nozzle atomizer. The droplets are dewutered and
il to a product outlet at the bottom of the'dry-
ing chamber. An attached exhaust removes ex-
cessively fine particles to a cyclone collector.
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Relatively uniform spheres are formed, and
moisture content is also uniform [93).

When fully purified clays and nonclay
powders are available, drv Alending and 1emper-
ing are employed. A shell or ribbon mixer may be
wsed as an imitial step, followed by addition of
water in a mixing muller. Otherwise, dry blend-
ing and lempering may be done in stages in a
mixing muller. Mixing muilers normaily have
heuvy wheels. under which the moistened body
rotates. First, a smearing action occurs, and sec-
ond, a rotating plow scrapes the compressed
body up and turns it under the mullers for addi-
tionai mulling [94). The tempered body then
goes to dust mill{sieving operation for lower-
moisture-dust processing or dry pressing or to a
deairing pug mill for plastic systems,

4.2. Preparation of Advanced Ceramic
Systems

Traditional ceramic forming systems are
nearly always polydisperse. with particle size
ranging more or less continuously from an upper
to a lower limit. As a distribution ranging be-
tween definite limits approaches linearity on an
arithmetic plot. optimum packing results in min-
imum voids [95]. The more extended the range
between upper and lower limiting sizes. the lower
the void volume for a given distribution [96].
However, the more extended the distribution is,
the mare sensitive it is, with respect.to void vol-
ume, to deficits or excesses of intermediate parti-
cle sizes. This finding has been related to differ-
ences in calcined alumina slip occuasioned by
altering particte-size distribution size limits and
intermediate size distribution [97],

Although a controlled optimum particle size
distribution s needed for maximum, reproduc-
ible strength. sometimes 2 mono-size distribu-
tion must be approached to avoid growth of
lurger particles at the expense of the smaller: very
fine particles are much more reactive than larger
particles, and quite porous initial compacts cun
be sintered at high temperature to nearly theoret-
ical density. Trunsparent polycrystalline Al,Q,
ts an example. The finer the powder. the more
rapid the sintering and the lower the densi-
fication temperature, thereby reducing grain
growth and increasing fired strength.

Sizing of Advanced Ceramic Materials. Be-
cause particle size and distribution are so impor-
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tant for controlling properties of advanced ce-
ramic products, the manufacturer must ofien
further refine an afready refined us-received ma-
terizl to meet his specifications. A varicty of
techniques are used for modifving particle size
and distribution:

screening

air clutration

bail milting

anntion milling

vibratory milling

Auid energy milling

liquid elutriation

precipitation

freeze drying

laser

plasma

calcining

501 - ge!

Dry screening is used for sizing particles
down to 44 um, whereas wet, slurry screening is
often employed for subsieve sizes. Air efutriation
{or classtfication) is used to separate coarse and
fine fractions. Special air classifiers are available
for separating minus-20-um particles. but care
must be exercised to avoid contamination. Lig-
wid elutriation can be used to separate a single
specific material into fractions or to separate ma-
terials having different specific gravities.

Ball miiling (16, pp.410-438] consists in
placing either a dry or a suspension charge in a
closed container with appropriate grinding me-
dia and rotating the container to create a cascad-
ing action of the media. Media selection is im-
portant. Higher density pebbles or cylinders will
grind more quickly than lower density media.
Wear of media creates contamination that can be
controlled by careful selection of wear-resistant
mill hining and hard grinding media. Wet ball
milling requires removal of water from the
powder. Dry ball milling requires additional
grinding aids such as a lubricating stearate, A
very small amount of moisture has been found to
prevent packing of high-alumina prereacted
body during dry grinding.

Attrition milling is similar to ball milling, but
the container s held in a fixed vertical position
and the grinding media agitated by arms at-
tached to a rotating shaft. The attrition mill can
be used for dry grinding or wet grinding with
viacuum or various controlled atmospheres [16,
pp. 439 -443).

Vebratory milling uses tixed containers typi-
cally lined with polyurethane or rubber. Suitable
grinding media are placed in the container with
the material o be ground. and & vibration is
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cansmitied through the bottom center. The re-
wlting ctscading—mixing uction leads to shear
and i:1_1pm.'t breaking of particles between grind-
e media [16. pp. 410-438). )
’ I-'fuirh-.'wrg_r milting functions by causing par-
+ oles of the material to be ground to impict one
antier. They are carried at high velocity in a
<oed o air. water. superheated steam. Jet mills
oo imed with wear-resistant maierials [98].
/'.-;(-i/nidumn of soluble salts and pyrolysis to
e onvide has been used to provide controHed
~article size and high purity. Calcined alumina
ius been made by precipitating alumina trihy-
drate trom sofution by changing pH and using
wed ervstids, The very fine. reactive alumina
sreatly extends the uses for alumina [19, p. 165].
Froeze drving involves forming drops from
wnens of metal salts, freezing them rapidly,
soving water by sublimation under vacuum,
andenteining the crystallized salts [99). Another
“wthod Por'preparing pressing granuies is by dis-
sersing the powder and additives as a slurry and
drving by sprayving the sturry or solution into a
shamber where the drops fall through hot gases,
Surfiee tension holds the drops in spherical
orm. These drops. when dry, flow readily into a
1w o),
shp-cust advanced ceramic forming systems
squrie o pariicte distribution [97] that provides
~awrvinum pucking. Often sizing is accomplished
*+ Blending several narrow distributions [95], or
s omaterial may be ball-milled with binder,
rettng agents, deflocculants. and densification
da Uik mills {16, pp. 468 -488] are especially
wiechive in dispersing agglomerated powder.
B liguid phase normally used in moid casling
ivr. whereas in tape casting the liquid is
avniagueous f101]. [n each instance, all
*les miust be removed from slips by vacu-
‘restment prior 1o use [102],
v aumber of glasses have been prepared in
waboratory by hot pressing or sintering geis of
ingle oxides or combinations of two or more
e sueh as 5i0;. ALO, . and TiO,. Caretul-
Ceanrrolled processing makes monolithic ob-
e possible {103]. Commercial uses of sof -gef
tikers, powders, bulk shapes, and oxide coat-
el 1M [104], OF these uses, film or oxide
Tesure regarded as very important.
| rovessing of a sol~gel starts wuh a4 metal
onnde 5'(0(- Hoy THOC, Hy),. a8 well as
WOC Ha, are examples. Atcohol and distilled

CALCT are h\dmnna reagents. A wide variety of

“heate and slummoulm ate svstems have been
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Made with other cations. such as those ot Li. Na.
K. Rb. Mg, Ca. Sr. Bu, Pb. Gu. Fe. Ln. Ti. 7r.
and Th, as well as ternary or qualernary compo-
sitions with two ar more of these clements [t05).

The basic procedure for muking 510, and
metal oxide gels is to dissolve Si{OC . H,), in eth-
vl alcohol and add alcohol or water solutions of
the desired metal nitrate. Hydrolysis is effected
with an excess of distilled water. At 60 C (he
5i0; precipitates as a stiff gel.

Preconsolidation of Advanced Ceramics.
Preparation of a pressing dust sometimes in-
volves addition of a binder. a lubricant, possibly
a sintering aid, and finally. development of a
free-flowing powder by granulation. This may be
done by blending the fine, low-bulk-density
powder with binder solution and lubricant., and
then compacting the mass into blocks that are
chopped. crushed. or coarsely pulverized. The
resulung granutes are screened to obtain proper
size for die filling,

4.3. Forming Ceramic Articles

Forming systems used to make traditional
and advanced ceramic ware include slip casting,
soft plastic. stiff plastic. dust pressing. dry cusi-
ing. and a number of modified or special systems
for advanced ceramics (see Fig. 3. p. 19).

Soft Plastic Forming. The simplest method of
forming plastic masses is by hand molding. This
reguires a soft plastic system. Currently, soft
plastic forming systems are used in the produc-
tion of soft mud bricks; pottery by throwing:
Jiggered or roller-formed tableware: hot-plunge
insulators; and rum process products. In soft
mud brick making, the selected clays are prepared
by wet panning and passed through a pug mill
that forces the plustic clay through a die into
wooden molds. Throwing on the wheel is a soft
plastic method for making vases and the like.
used in simple cultures and by art potters. The
wheel is u disk on wp of a shaft wrned by o
weighed kickwheel or by 1 motor.

Jiggering was developed from throwing. A
meusured sluy of soll plasticbody is placed on u
plaster form that revetves on a wheel head. A
templute tool is brought down onto the moist
bat. pressing it down onto the plaster mold und
so formting the upper part of the picce. A1 the
sume time, the template 1001 serapes awiy exgess
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body from the moist piece with the wid of u spray
of water. Automation requires carefully con-
trolled, deaired forming masses [106].

The rofler-hewd method for soft plastic form-
ing is an alternative to the jigger. especially for
less plastic formulations such as bone china and
hard porcelzin. Instead of o scraping témplate
blade, a polished (and sometimes heated) con-
toured metal rolter is brought down and rolls out
the plastic body onto the plaster form. In this
case, the form remuins stationary [107).

Hot-plunging ovr joflving of plastic body arti-
cles involves the placing of a measured slug of
body in a plaster mold and having a heated,
revolving polished metal tool press down and
form hellow objects, such as pin insulators or
cups. The term hor pressing is sometimes applied
to the hot-plunging operation, but hot pressing 1s
more generally used for special. advanced ceram-
ics processed by application of high pressure to
fine-grained oxides in refractory molds held at
high temperature {108)].

The ram process involves pressing a lump of
soft plastic body between two hard plaster molds
and squeezing them together to form a plate, ash
tray, ot similar object. In the pressing stage, wa-
ter is squeezed out of the piece and a vacuum
pulls moisture into the molds. [n the removal
step, the vacuum is maintained on the upper
mold and pressure iz applied to the lower mold to
release the piece. The upper mold then lifts the
piece free. and pressure is applied to free the
object from the upper mold. Pressure is atso ap-
plied to blow moisture from the mold halves
before unother cyele starts [109],

Stiff Plastic Forming. Suff plastic systems are
extruded through a die. cither by auger extrusion
or piston extrusion. Auger extrusion 1s a contin-
uous operation. whereas piston extrusion is nec-
essarily intermittent. Piston cxirusion is used for
extruding fine-gruined refractories, cermets. and
electronic bodies, A pretormed. deaired stug is
ptaced in the evlinder and forced through a die at
pressures up to 33 MPa. Pieces as small as | mm
in digmeter with a hult-dozen O.1-mm-diameter
holes can be made. Large sewer pipes are piston-
extruded with a verticul piston extruder [11.
p. 147].

Auger extrusion finds use in extruding bricks
and hollow tile on a continuous basis. Short sec-
tions are cut oft @t desired lengths. The auger
device consists of a pugging trough that feeds
serew, which i turn pushes the ¢lay through a
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shredder into a vacoum chumber. The deaired
shreds are recompacted with a screw and pushed

through the die. High-tension insuluator blanks of

up to 1 m in diameter [12. pp. LE1 =112 ure ex-
truded with agger desiring pug mills and are
used in lathe-turning segments of very large elee-
tricit] insulators.

Dust Pressing. The terin applied to torming
of damp, granulated body butches contuining
5-15% moisture that are formed at high pres-
sure in a steet die is dust pressing. Al wall gile,
floor tile, some quarry tile. and most low-tension
electrical porceluin is formed by dust pressing.
More than 85% of all fireclay brick and nearly
all silica brick and basic brick are formed by dust
pressing. Hydraulic presses and hydraulic toggle
presses are used (11, pp. 149-151).

Dry Pressing. Dry pressing is similar to dust
pressing. but the moisture content is < 2.0%, s0
that a binder and internal lubricant must be em-
ployed. Dry pressing is employed for advanced
ceramic products in two ways [11, pp. 149-151].
Small shapes are pressed by wriaxial compacrion
{11, pp. 15t —152], wherein the pressure is ap-
plied (usually) in 2 downward, vertical direction,
thereby producing pressure variations due to
wall friction and particle - particle friction. This
results in nonuniform density. fsostatic compuc-
tion involves application of pressure equally to
all sides of the charge. An isostatic press consists
of a thick-walled pressure vessel. Powder is en-
closed in a liquid-proof rubber mold that is im-
mersed in a noncompressible tlutd. The fluid 1s
pressurized and transmits pressure equally o all
sides of the mold; pressures can range from
35 MPa 1o as much as 1400 MPa, but usually ca.
210 MPa [110].

Slip Casting. Deflocculated liquid svsterns
are made into ware by slip casting {17. chap. 10).
Formation is accomplished by consolidution of
the particles into o semirigid stwte through
removal of 4 portion of the liquid phase by an
absorbent, porous mold. The most common
mold materiat is the hemihydrate of gvpsum,
CuSO, 05 H,0 [f0034-76-7). which when
mixed with water rehydrates und forms needles
of gvpsum crystals as an interlocked mass
[111}. thus forming continuous capillary pores
{— Calcium Sulfute, vol. Ad. p. 555). The size
and liguid-carrying capacity of plaster molds is
controbled by varying the plaster:water ratio.
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o kR [112] observed that as water rises
« vhv ~toichiometric 18,3 kg of water to the
LU A 100 kg (depending on the process-

T . ore source of the plaster) per 100 kg of
i 2 HLO. the rate of casting increases to

L um and then decreases with greater wa-

[foth the specitic gravity and the com-

_+ ~irength decrease with further increases

HTY

~t

. thouuh the suction pressure of porous
. decreases as the amouni of water in-

irv from the developing cust and provides

e reservoir for liquid as it is removed from
" ~i112]. The Joss of moisture from the exte-
- iy mwold by evaporation is a significant
Cing tactor in governing the rate and con-
.1 custs: high external humidity reduces.
.+ external humidity raises, the rate of cast

s e of setup.
~ip vusting takes two general forms, In the
..1. +lip is poured into the mold where water is
. ebed. leaving a semirigid layer of particles
<o the mold wall. After a sufficiently thick
- 1~ Jdeveloped. the excess slip is poured out.
.- wall continues 1o pass moisture into the
‘s reducing the moisture gradient from
~.wadl and allowing the cast to assume the
. plustic state needed for cast removal. This
. nasiing. which s used for hollow items. [n
o ~eeond. aslip at @ somewhat higher solids
~oontriation (33 vol®y against 50 vol% for the
< ooceaistsliprand o greater thixotropy (revers-
:inckening) is poured into the mold and al-
Sb e cast solid, This iy termed sofid casting.
-caston, solid casting und drain casting are

-raiv of buildup are controlled by manipu-
+ i the particle size [72]) and colloid modifi-
T chup. 1.

special Systems for Advanced Ceramics. Ad-
<eed ceramics can be consolidated and formed
e tollowing methods:
~.:uial pressing
"alid pressing
 nrossing

Toesutie pressing
sitng

LHLIODIC Casting
c forming
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transter molding

compression molding
4) Others

wpe forming

ITame spraying

green machining

To this point discussion has locused on the
shaping methods originally used for the less-
demunding clay-based formulas. but which have
been refined for use in making small. more-
demanding advanced ceramics. Certain  ad-
vanced ceramic products require very thin
sheets. A method for making such products
makes use of casting or spreading a specially pre-
pared slip or slurry onto a moving currier surface
and controlling its thickness with a doctor blade
f113]. In such cases, the system resembles an oil-
base paint. The powder is dispersed in a volatle
solvent (nonaqueous organic liguid) with un-
saturated organic acids of 18 -20 carbons. and a
polymer binder and plasticizer are added. Dry-
ing consists primarily in removal ot the volatile
solvent. which leaves a thin flexible tape.

An interesting and useful modification of slip
custing also involves an adaptation of invest-
ment casting. First, a water-soluble wux ts injec-
tion molded to make a pattern. The puattern is
then coated with a water-insoluble wax, und the
water-soluble part is dissolved away. The wax
mold is fastened to an absorbent- plaster block
and is filled with slip. Once casting is complered,
the water-insoluble wax is dissolved from the
cast with an organic solvent. and the cast is dried.
machined as needed. and fired to the proper tem-
perature for densification [19. pp. 197-199].

Injection molding makes use of the tech-
nigques for molding plastic combs and the like,
the difference being that the polymer. either ther-
mosetting or thermoplastic. serves only to dis-
perse the ceramic powder and to provide lubrica-
tion [114]. A sized powder is milled dry with
organic binders and made plastic by preheating.
The plustic mass may require as little us 24% or
as much as 30% binder by volume. depending on
particlte size and particle-size distribution, Com-
plex shapes can be made {19, pp. 200 203].

4.4, Drying and Finishing

Drying of ceramic products is one ol the
more critical processing operations. The mois-
ture must be removed as rapidly us possible with-
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Oul generating stresses greal enough o cause
cracking or distortion.

A plastic cerumic plece contwins liquid in
three forms: (1) adsorbed Liquid on the colloidal
particles; (2) liquid films on particles of noncol-
toidul dimensions; and (3) free liquid held in
pores between the particles. Liquid must leave
the system in thres distinet swages [20. pp.
82-84]:

1) By evaporation from the surface of the piece,
bringing the particles closer together. decreas-
ing the volume of the piece proportionately,
and eventually allowing the particles to come
into contact, at which time shrinkage ceases

) By removal of the remaining free moisture

) By removal of the adsorbed moisture

L T

As moisture leaves the piece. a gradient is
established between the surface and interior of
the ware. Because of the shrinkage factor, this
gradient must not be too great; otherwise, excess
shrinkage at the surface will cause cracking.

Moisture Stress. Many mechanisms affect the
behavior of clay-based ceramic forming systems-
during dewatering processes such as slip casting,
filtration, and drying. Some of the mechanisms
involved are capillarity, adsorption. osmotic
pressure. the electrical double-tayer, and pore
waler structure [115]. The moisture changes in
unfired ceramic bodies can be studied by measur-
ing the specific energy of the water as the funda-
mental parameter. This energy concept is termed
moisture stress [116], {117].

Moisture stress is defined as the work done
per unit mass of water when a small amount of
the water is moved from the ¢lay -waler system
1o a free water surface at the same temperature.
The ST unit is J/kg. Expressed in simpler terms.
moisture stress is a4 measure of the affinity of a
porous system, such as a moist clay body or lig-
uid slip, for its moisture.

A number of methods have been proposed
for measuring moisture stress. Packarp {117}
employed a direct suction device in which maist
cluy was placed on a water-saturated, fritted
glass plate that was in-contact with water. A tebe
connected to the water vessel could be raised and
fowered to increase or decrease suction. thus al-
tering the moisture content of the clay. CotenMan
and MaRsH [118] used a pressure-membrane ap-
paratus for very high moisture stress. PACKARD
[117] proposed use of a series of evacuated closed
containers where moist cluy was suspended over
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solutions of known relative humidity. Samunio
[119] was able to assign moisture stress (pF) val-
ues to casts made trom slips contatning small
perceniages of various tnorganic salts by using a
pressure-membrane method.

Moisture stress ranges (rom nearly 0 for di-
lute suspensions to cu. 10® J'kg for oven-dried
cluy bodies. Soft plastic bodies huve moisture
siresses in the regton of 4030 J/kg. Leather-
hardness oceurs at moisture stress of in the re-
gion of 5x 103 Jfkg, whereas air-dried clay
bodies have moisture stresses of ca. 10° J/kg.

Rate of Drying. The moisture stress concept
implies that for a body of a given particle-size
distribution, the rate of drying depends on a
structure imparted by the interaction of many
factors. A simple example is the control of per-
meability and water holding in slip-cast pieces by
interaction of organic matter, deflocculants, and
flocculating sahs (120]. Qrganic colloids are
known to reduce the water of plasticity of fine-
grained clays [17. p. 45], yet that same organic
matter has a-strong affinity for water and can
retard moisture loss {1 21]. Similarly, the presence
of fine-grained muscovite mica in plastic clay
bodies or moist cast appears to slow drying [69].

If a granular solid is involved, moisture loss
proceeds at about the same rate as from a pan of
water under the same conditions [11. p. 161],
However, from a plastic mass of fine clay, the
rate of moisture loss may be less than that of the
coarser system [122]. Ceramic clay bodies would
be expected to show loss rates between those for
granular masses and clay masses. In any one of
these circumstances. the drying rate is consiant
uniil particles touch and shrinkage stops. At this
point the continuum of the pore water ceases and
flow of water from the interior of the piece cun-
not maintain the surface fitm needed for rapid
evaporation. The rate of drying then falls.

The shrinkage properties of clay bodies are
useful in setting up an etficient drying schedule.
Natural clays give shrinkage traces that vary
with clay fineness and packing characteristics of
the noncolloidal pacticles {122), Contrary to oth-
er opinion [4, p. 554]. NORTON stated that the
rute of water removal from the surface of a pilas-
lic clay piece is approximately one half that from
a free water surface under the same conditions.
Accordingly, evaporation rate from a moist
granular solid is much greater than that from a
plustic fine-grained clay [123]. The rate of flow of
liguid from the interior can be increased by de-
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crensing the viscosity of the liquid and this is
secomplished by raising its temperature.
Speed of drving is also governed by the mois-
-ure capacity of the air surrounding the piece.
+_the relative humidity. and the volume of air
« ~aing over the ware, Because the moist piece is
~oreus system. a balance must be struck be-
Ceen loss of moisture at the surfuce and move-
“aent of moisture through the particles from- the
.ierior 1o the surface. [fliquid loss at or near the
.urtuce exceeds liquid movement from interior
~ores, differential shrinkage can result in crack-
g oF warping.

Defects. Drying defects cun originate wher-
-.or there are discontinuities in the formed piece.
ks can develop at these points during
Crrinkage assoctated with drying. Clay particles
~end 1o orient with their long dimension normal
.o the direction of pressure. Because shrinkage is
ieast in the direction parallel to particle orien-
.ution and greatest in the normal direction, solid-
cast test bars made in an open mold tend to warp
on the exposed face away from the oriented
rold-face Yayer. Similarly. frictional forces in ex-
-usion force moisture into the interior and cause

rientation of clay particles parallel to the direc-
~on of extrusion. Differential shrinkage and ex-
“oasive moisture gradient are leading causes for
srwcking and warping.

Even though a moist object has a uniform
Jistribution of moisture, it warps unless it is
svenly dried. A wall tile, for exumple. placed on
1 plate so that one face is protected from air flow
and evaporation warps. During initial drying. an
reinally uniformly moist piece can develop a
-oisture gradient through (1) loss of moisture at
o surtuce or (2) uneven heating of the pore
~ater, which lowers its viscosity at the warmer
~urface but not in the cool interior.

Some operidtions subsequent to slip casting
<un cause livering (dilatant consolidation) in one
nurt of the cast and not in adjucent areas. result-
Ny in a lower moisture-reledse rate and lower
“iirinkage in the livered area than in the adjoin-
12 portion,

Even after defect sources originating in the
~rming operation have been eliminuted, the
problem of removing the moisture without rup-
wring or warping the ware remains. This objec-
tive is achieved through the techmques of fanid-
ity drving that (1) fower the viscosity of the
water. (2) uniformly wirm the pore water with-
wut causing ditferential shrinkage. und (3) re-
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move the witer cconomically with respect o
bath time and fuel consumption.

The principle of humidity drying involves (D
heating greenware all the way through in a satu-
rated atmosphere, (2) reducing the hunedity as
fast as possible without stressing the wure, and
(3) once shrinkage ceases. raising the tempera-
ture and reducing the humidity to zero relative
humidity [20. pp. 82-84]. :

Drying Methods. Drying methods fall into
two classes: (1) convection and (23 radiation
[124]. [125). Convection methods circuliate warm
air around the ware being dried. the wurm air
serving the dual purpose ot heating the pieces
and removing moisture by convection circula-
tion.

A simple tunnel drver requires passage of cars
loaded with ware through the drver, while heat is
supplied by steam coils underneath, hot air from
a heater, or waste heat from kilns. Drying is like-
ly to be uneven trom top to bottom of the load in
tunnel dryers. but cross-circulation of heated air
by funs or jets improves uniformity in such
dryers.

Controlled humidity can also be attained ina
tunnel dryver by introducing the moist ware at
one end into hot moist air sent in originally as
warm dry air at the exit end. the cowrrerflow
merhod. The dry air picks up moisture in its pas-
sage over the loaded cars, thus becoming satu-
rated with moisture. Sometimes an auxiliary
heating umit is located at the ware entrance end.
[n this way the moist ware is heated uniformly
with no initial loss of moisture or shrinkage. As
the ware moves toward the exit end. the sur-
rounding dair becomes progressively cooler und
drier. The exterior parts of the pieces are reduced
in temperature. owing o evaporative cooling,
while the interior remains wirmer: in a clay mass
with a temperiture gradient moisture moves to-
witrd the cooler part [126).

Arelinement of the counterflow method has
the nanel divided ingo sections. 2ach with its own
independent heat and humidity controls, The
ware enters 1 hot, suturated zone and is warmed
without muoistare Joss. The car then puasses
through progressively drier zones, each held w
vonstant but higher temperiture.

\ ofieonther Inenddite dever operites by stages
on g statonary load. ot saturated oir wirms
the ware. When the chamber is at a unitormly
high temperature. drier and slightly cooler airis
pats~ed thretgh the loud and evaporation aecurs.
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Waure can be dried more quickly if air is directed

at right angles than il it is blown pasallel to
surface [127]. For small. simple shapes, 4 method
termed jet drying is sometimes used: air is blown
in a definite pattern at right angles 1o the surface
of the piece, thereby saving fuel. space, and time
{1t p. 1671
Radiarion methods involve transfer of heat to
the moist ware as infrared or high-frequency ra-
dio waves., The principle of heat transfer by
radiation methods is being emploved increasing-
"1y in the drying of ceramic ware. Over 40 years
ago, infrared lamps were used to dry large slip-
cast units in open settings while ordinary air
movement was used to remove the moisture.
Drying times were reduced from 14 daysto 12h
[128]. Hotel china from automatic jiggers can be
dried sufficiently for removal from the bat in
10-15 min [125]. The infrared drying is followed
by hot-air jet drying [127].

Finishing. Nearly all ceramic ware, however
formed. must be subjected to finishing opera-
tions. These may be as simple as removal of cast-
ing spares, mold seams. and fins. However, the
operation may involve the turning of a foot on a
leather-hard cup or an elaborate turning of a
high-tension insulator from a 1-m-diameter ex-
truded blank. The term (rimmming means the
shaving away of seams from u cast piece or cut-
ting off the casting spare. Feuling refers to
removal of fins, mold seams. and rough edges
from dry, or nearly dry. ware.

4.5. Firing Ceramic Products

The terms used to describe the densifving
processes that occur during heut treatment of

ceramic items can be confusing. The expression

sintering s used [13. p. 232] to describe a process
by which a substance is bonded together, stabi-
lized, or agglomerated by being heated to a
point close to. but below. the melting point.
Vitrificarion is defined as a progressive reduction
of the pores of a ceramic picee as a result of heat
treatment {1, p. 202}, but suys nothing about
formation of a liquid. glussy phase. However,
the dictionary definitions [129] dealing with the
terms vitreous. vitrity. vitrification. and vitri-
flable all center on some aspect of glass. BURKE
[130] notes that the word sintering is generally
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used in referring to processes that assume no
liquid is formed during heat treatment.

Here the term densification 119, chap. 71 is
applied to processes where removal of pores
fTom a ceramic product by heat treatment can
tuke place either by formation of 5 glassy phase
or by sofid-state material transport, or both.
However, traditional ceramics and advanced ce-
ramics are described separately because clay-
based products invariably involve developrment
of some glass. whereas advanced ceramic prod-
ucts nearly always involve solid-state reactions.

4.5.1. Firing Traditional Ceramics

The main reactions occurring in the course of
heating a clay-based product to maturity are
summarized in Table 9 {11. p. 267]. As shown by
the expanston curves in Figure 6 [(31], in the
initial stages of firing clay-based bodies, there is
an expansion to a peak at ca. 600 °C with a small
inflection (the quartz inversion) at 573°C, fol-
lowed by a gradual drop up 1o ca. 775 °C. After
remaining level to ca. 850 °C, a rise in expansion
follows to a peak at ca. 900°C. Shortly there-
after, the bodies begin a decided contraction.
Above 1300 °C (not shown in Figure 6) irrevers-
tble thermal expansion occurs in all types of clay-
based bodies [132]. and this expansion must be
taken into account in devising firing schedules
[L31]. The expansion on heatup of body A. which
contains pyrophyllitic South American clays. is
much greater than that of body B. u U.S. clay
body containing no pyrophyliite.

Shrinkage and porosity changes with increas-
ing temperature vary. depending on the body
composition and the porosity at maturity.

O H i | 1 J
bl 200 400 600 800 1009

Temperatyre, °( — .

Lingar expansion =10, %
s
T

Figure 6. Jrreversible heatup thermal-expansion traces for §
witreous samiary ware bodies containing pyrophyllite and
sericite (A and no pyrophyilite and littde micis (B)
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[onsporatare, O Reactions 1 the course ol liring
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sradual loss of H,O from halloysite il montmorillonite, pyrophyliite and ine sericitic mica hegin
organic mutter oxidized. breakup of clay mineral structures, pyrophyliite starts sharp eapausian

pyrophyllite attains maximum expansion. spinel forwms w cliays

muscovite structure destroyed, +-AL G, or mullite forms

mullite, 3 AlLO5-2 510, forms from cluy '

feldspars melt, clay and eristobalite dissolve, porosity decreuses. shrinkiye increases rapidty

S glass increases. ware expands, absorption increases, strength decreuses

y pritlcution/shrinkage curves can be  shifted
‘o nwird in the maturing range while their con-

cration and the forming properties of the

.itos vitnl be maintained by the judicious selec-

ot auxiliary fluxing constituents [133]. An
canderstanding of those factors affecting the
aature of the glussy phase permits ready control
i the pyroplastic deformation characteristic of
Liee clay body units [134) without altering the
anlired forming properties of the body,

1.5.2. Densification of Advanced Ceramic
Frodocts

The densification of formed udvanced ceram-
«items 15 generally referred to as sintering. Sin-
termig (5. in simple terms, removal of voids
ipores) of the formed piece, accompanied by
~hrinkage. Criteria to be met before sintering can
“rne pluce ure (1) an availuble meuns for material
“owportand (2) an energy source to initiate and

owote material transport. Diffusion and vis-
low are transport mechanisms. Heat 1s
srimary souree of energy, functioning with
cricle =particle contact and surface tension to
~roduee energy gradients (19, pp. 217-223]

Vapor-Pressure Sintering. Difference in va-
Soropressure as a tunction of surface curvature
~oovides the driving energy, Material goes from
~uticle surtaces with o positive curvature radius
" iigh vapor pressure to contact regions with
-z earvature radivs and much lower vapor
--ure. The smaller the particles, the greater
- Jriving force. While vapor-phase sintering
~ends particles, it does not eliminate pores.

Diffusion Sintering. Ditfusion can be the

s emenit of wtoms or vicancies along a surface

or grain boundary through the body. Only gruin
boundary or body diffusion results in sintering.
The driving force is differential free energy or
chemical potential between free surfaces and
contact points of adjacent particles. Finer parti-
cles sinter more rapidly and at lower tempera-
tures than coarser particles. Uniformity of parti-
cle shape. size, and distribution governs the
uniformity of the final product.

Liquid-Phase Sintering. The main densi-
fication mechanism for most silicate systems is
liquid-phase sintering. The sintering occurs best
where the liquid phase thoroughly wets the solid
grains at sintering heat. Capillary pressure in
parrow pores between particles may  he
= 7 MPa. Because small particles have higher
surfuce energy and form smaller pores, there is
more densification driving energy than for com-
pacts of larger particles. Temperature strongly
affects sintering: generally, small increases in
temperature cause significant increases in the
amount of liquid. In some cases. this is desirable.
bul in others excessive grain growth und fire
distortion occur. The amount of liquid at a given
temperature can be predicted from phuase equi-
librium diagrams,

Hot Pressing. Hot pressing resembiles sinter-
ing except that temperature and pressure are ap-
plied at the sume time [133]. Pressure speeds den-
sification by increasing particle packing and by
stressing points of contact. The densification
energy can be increased 20-fold by applying pres-
sure, Hot isasiatic pressing can be done with spe-
cial heat-treating equipment [136] and provides
results superior (o those attained with conven-
tonal hot pressing. Hot pressing injection-
molded items gives results superior to those ob-
tuined with simple isopressing sintering. slip-
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custingssintering, or injection molding/sintering,
The Weibull probability plot of Figure 7 (on
P- 38) shows the superior uniformity and higher
steength of hot-pressed., injection-maolded prod-
ucts.

4.6. Kilns and Firing Conditions

The furnaces in which ceramic products are
heat-treated ure usually termed kilny. Kilns, de-
pending on the munner of operation. can be
termed periodic {intermttient} or tunnel (contin-
uous)
1y Intermittant firing kilns

sttionary periodic

lifting chacge

lifting kiln

moving churge

moving kiln
21 Continueus firing kilns

chumber

convevor belt

roller slub

muftled tunnel

direct-fire tunnel

Periodic kilns are heated and cooled in accor-
dance with prescribed schedules that differ with
the kind of product. A junnet kil has tempera-
ture zones held w1 specific temperatures through
which kiln cars (or other sUpports) are passed to
provide the specified iime —temperature cycle.
Tunnel kilns are adapted 1o firing one type of
body in long runs. whereas periodic kilns can be
adapted to a variety of products.

Periodic kilns can be heated by electrical cle-
meants or fired with gas or oil, Traditionally,
where hot gases are involved, heating is accom-
plished by having the combustion products pass
through the loud of ware. either upward (updraft
kiln) or downward (downdraft kiln). before go-
tng out in a flue, The disadvanuages of such kilns
is that (1) they must be louded and untoaded by

“hand. (2) there is a long cooling period, and (3)
the entire kiln must be reheated in the next firing.

4.6.1. Modern Periodic Kilns

Elevator kifns are of three types: (1) ware 1o
be fired is placed on refriactory protected car
that is pushed in position under u suspended kiln
that is then lowered over the car (a top-hat kiln);
(2} the car with its ware is elevated into the kiln
that is permanently fixed: and (3) an elevated

Vol A

kiln is moved horizontally over a scries of cars
and placed over uny ene of them. as desired,
Shuttle kilns are positioned permanently.
One end has u movable door. Ware is loaded
Onto a car that is then run on rails into the kiin,
the door is closed. and (he witre is fired. A
variant is the eavelope kiln. which is roljed over
and encloses ware placed on a permanent hearth,

4.6.2. Tunnel Kilng

Tunnel kilns are refractory chambers. some-
times 90-100 m fong. through which ware is
moved to achieve gradual heating and cooling.
The entry section is the preheat zone, the middie
section is the firing zone, and the exil pottion is
the cooling zone.

Cooling air is blown into the cooling zone, is
heated, and moves into the firing zone, where it
tmproves combustion and preserves an oxidizing
atmosphere. Combustion gases from the firing
zone are conveyed into the preheat zone to heat
and dry the ware.

Refractory-topped cars riding on insulated
rails carry the ware into and through tunnel
kilns. Pushing is done on 3 prescribed schedule,
expressed in terms of “cars per 24 hours.” Some
smaller tunnel kilns have positively rotated re-
fractory {alumina) rollers. on which refractory
slabs carry the ware. Other (unnel kilns use sled
hearths, which are intermediate between cars
and roller slabs. for smaller fast-fired products.

Advances in cerarnic-fiber technology [i36],
[137] have provided aluming. silica. and kaolin
fiber products for use in place of high-density
castables for kiln cars and for insulating replace-
menis for higher-density brick. This has made

possible kiln designs that greatly reduce fuel con-
sumption and permit faster firing of ware {138).

4.6.3. Advanced Ceramics Furnaces

Becuuse advanced ceramic products often
have special sintering requirements, 1he furnaces
differ from those of ordinary ceramic kilns and
require new furnace technology [139]. A com-
mon requirement is the aeed for ol control of |
kilr atmosphere. as well ay control of tempera-
ture and time scheduling, Atmospheric control
can be achieved by sintering in a vacuum furnace
or an gutoclave. [nitial uir can be pumped vut so
that contaminants ure vaperized and evacuated.
The utmosphere around the wilre can then be
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ot series of cars
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d permanenily.
Wire is loaded
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sare 15 fred. A
<hois rolled over
wmanent hearth.

satrelled with respect to composition and pres- structure and texture. but have preater viscostiy
:‘.II'L'. in the molten state. Glaze adheres strongly and
separite furnuces may be needed 1o eliminate uniformly 10 the ware. Application of gluze

Jhricants and volatile binders, However, delub- suspension to ware is by spraying or dipping.
:».._' cun be done at low temperature, along with Glazes can be made for maturing from ca,
S lgesine. and the ware can be fired in an inert 600 "C up to ca. 1500 °C. depending on the items
‘---,-_mph:‘rc on a controlted schedule 1o a re- to which they are applied. If necessary, surfuces
- od teniperature. can be made resistant to various corrosive big-
vids and gases. Semiconducting gluzes can be

) prepared for electrical porcelains.
1.0.4. Kiln Atmosphere . - :

e ot A

RORLL L T

‘humbers, some- The atmuosphere has a profound influence on 5.1. Th
. ; . . . .I. The Nature of Glaze
which ware s | %o hred propertics of clay-based ceramics. [f Nature of Glazes
g and cooling, ‘ete 1s enough O, to permit the piece to absorb —_

i . o i ¢ L e st§ are nor-
one. tbe middle e, the wmosphere s regarded as oxidizing. | Sfees and glazes used by coramists e nor.
2 exit portion s | i ovidizing atmosphere helps eliminate carbon y nahions o ox able 10). Oxides

i ’ : _ that form glasses by themselves are termed net-

! SEoonverts salts to oxides. A low-oxygen atmo- work formers: by Zachariasen's ¢ les {11 130}
cooling zone, is 3 sere reduces multivalent tons to their lowest S':'O B Srs, agd ;c:)irl ;r::nusldumd d;} f(_)rm.
+ zone, where it oative state, thus causing color and other 2. Babs, UM Should, « o.

an oxidizing | : glasses. The holes in the network are filled by
wes b LTSS, ' {

. s . . R tw, modifiers. wer he bonds.

irom the firing % sultur-bearing fuels provide SO, which is gicho::odiﬁgré :::e ::::l? N:kg)n IL O Cé!((ij

ut zong to heat aarmiul to body and especially 1o glazes of clay- y Na Lo kL0, .

~ased veramics. The ware must be protected by and MgO. Generally speaking. the more modifi-

. . . er present, the lower the glass viscosity and
v F ’ “AveCeTs ; ¢ boxes) or by keeping the ) . .

.o wsuluted aggers (refractory boxes) Y Fing chemical resistance. Oxides such as Al,O, . PbO.,
irough tunnel .ombusiton gases away from the work with a 7ZnO. Z10,. and CdO can eater the metaork be
sibed schedule, ~ofractory wall (muffles), through which heat is et e ‘;'+ "&b
: hours.” Some Cedtzed, replacing some Si* " or B*>*. These are the inver-

vly rotated re- Hlectric kilns of all wvpes [11. pp. 305~ 306]. _
sich refractory ~iuch uveid contamination from burned fuels. Table 10. Onide glasses [140]

[ kilns use sled  © woused widely in Evrope. 1n the United States, Oxide Oxidation  Coor- Bond
between cars <wh kilns ure mainly used for decorating, special state dination strength.

ired products.  ; ~cramiv products, and wall tile. The heating ele- number relutive

moelogy [136]. ments are nichrome, kanthal, or siticon carbide. Network formers

:ue and kaolin Swhrome (a nickel—iron-chromium alloy) ele- Si0, 106

" high-density . ments are used for decorative materials firing, 8,0, 3 LA

iiting replace-
his has made
tuce fuel con-
o ware [138).

~anthat (iron) for intermediate-temperature Intermediutes
»thiis. and silicon carbide for high-fire kitns. AlLO, : M)
ALO, i}
ZnQ 72
4.0.3, Fired Ware Finishin 200 d
€ PHO 73
_ _ ) PhO, W
s Pasttiring processes fall in the category of
finishing. Finishing may include grinding to size Mﬁ‘j:“(;“ "
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. the furnaces ° Technical ceramics must he examined for flaws. o
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mediate glass formers. The relative single-bond
strengths of the oxides correlate with glass
formation: network formers’ have high bond
strengths, modifiers have low bond strengths,
and tntermediates fall in between.

The conventional representation of glaze for-
mulas is the Seger convention, by which the for-
mula is expressed with the fluxing oxides R,0
and RO, including PbO and ZnO. adding up 10
unity on a molar basis, The Al,0, and $i0, plus
B,0, are listed as separate items, also on i molar
busis, in the following manner:

1.0(R,0 + RO}-x ALO, - ¥ (S0, + B,O,)

Glazes can be classified as raw glazes and
fritted glazes. In the case of raw gluzes, the oxides
are introduced in the form of compounds or min-
erals, such as feldspar, which melt readily and act
as solvents for the other ingredients. A frit is a
prereacted glass containing ingredients, such as
Na,CO5, which are soluble in water. Fritting
fixes the desired oxide in a relatively insoluble
form. Fritted glazes are used for whitewares.
Frits may form only a part of the whitewure
glaze formula, or the glaze may be composed
entirely of frit (11, p. 190].

Raw Glazes. Raw glazes include (1) porcelain
glazes. (2) Bristol glazes, (3) raw lead glazes. (4)
raw leadless glazes. and (5) slip glazes. According
to the Seger convention the basic porcefuin glaze
is expressed as follows [141]:
0.3K,0 0.4 ALO, 4.0 5i0,

0.7 Ca0

It mutures as a bright glaze in the region of
Orton pyrometric cones 8—10 (1236-1285 C).
When AL, O, is raised to 0.5 and SiO; w0 5.0, a
bright glaze is obtained at cone 12 (1306 C). At
Si0; 7.0 und Al,0, 0.3, the maturity of a bright
glaze rises to cone 14 (1388 °C), whereas at $i0,
8.0 and AlL,Q, 1.0, maturity occurs at cone 16
(1455°C). Increasing the Al,O, and Si0; con-
tent produces semimatt and matt low-gloss sur-
faces.

Bristol gluzes are raw glazes containing ZnO,
which are used on terra<cotta clayware and
sometimes on stoneware items [142]. A typical
Bristol glaze falls ncur the following molur con-
position:
(.40 K0

1135 CaQ)
0.25 Zn0

0.5 AlL(Y, 3480,

Muturity occurs at cones 4 -8 (1168-1236 C).

Vol. AB

Raw fead glazes [143] are used only on
artware. never on commercial ware, owing to
health hazards from soluble lead. A typical
bright glaze maturing at ca. cone 03 (1031 °C)
has roughly the following composition:

1535 Ph(y

0.36 CaQ
0.4 Na 0

0.23 ALO, 1,55 8i0),

Lead-frec gluzes, or leadless glazes, are de-
signed to provide lower maturity than true por-
celain glazes without the use of lead oxide. A
typical glaze has the following composition
[144]:

0.2 K,0 0.3 Al,0, 3.0 5i0,
.3 3rO
0.1 CaO
0.4 BaO

Glazes built around this composition have an

excellent maturing range as low as cone 03 and ]

up to cone 9 (1086-1260°C). burt lack the cover-
ing power and brightness of lead glazes.

Slip glazes {145] are natural clays having the
following approximate composition:

820 K.0 0.60 Al,O, £00 8i0,
0.45 Ca0 0.08 Fe,0,
0.35 Mgo

Such ¢lays are used for artware glazing and often
for high-tension electrical porcelain insulators.
Slip clay glazes have a maturing range from ca.
1200°C to 1300°C.

Frits, Because B,0; and most borates are
soluble in water, the B,0, must be udded in a
frit. A typical lead-free borate frit has the follow-
ing composition;

0.6y CaQy 0.17 ALO, 21780,
St N, O 1.16 8.0,
w2 KO

Although lead bisilicate [1/120-22-2] (PbO-
2810, or PbSi,0.) is relatively insoluble in wa-
ter. lead is normally introduced into commercial

glazes in fritted form. A more complex frit might §

have o composition such as the following:

11,31 Pb(y
030 N, O
0. K,0

010 ALG, 2SO,

Boric oxide und lead oxide often appear 1ogether,
L low-temperature glaze. A typical composition
is the tollowing: :
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Special Glazes. Low-expansion glazes are re-
vtired by zircon. cordierite. and tow-expansion
“hjum silicates [146]. Recommended glazes for
wvon poreelain in the range of cones 10-14
{285 - 1400 °C) approximate the following com-
position:

s RO n.6-07 AlLO, =11 50,

Sermiconducting pluzes are used 1o remove
churges from surfaces of clectrical insulators,
This property can be produced with a high con-
satration of Fe,O, in the glaze. crystals of
aC.0,. or activated SnQ, [11. p. 197].

Glaze opacity is obtained by mill additions of
nrconium-type opacifiers [147].

Lithium oxide additions increase the hard-
ness of commercial glazes [t148]. High-com-
pression  glazes resist scratching. Crystalline
cluzes grow large crystals in the finng and cool-
ing of the glaze. NorTON[149] demonstrated that
<rvstals grow when temperatures of nucleation

ad erystal growth do not overlap. For example.
roper control of the heating schedule allowed
1o wrowth of large willemite crystals.

Salt glazing is an old method for glazing
swoneware. The glaze is formed by throwing
Junmip common salt into the kiln during the
“sintering stage of firing. The NaCl decomposes
i torm Na,O0 and HCL, the Na,0 combining
with the Al,O; and SiO, of the body 1o form
somplex silicates. BarrinGer [150] found the

wits of the Al,O4:5i0, ratio within which it is
~umercially possible to produce good salt glaze
cae dg-10125,

5.2. Preparation of Glazes

Prepared frit. clay. und materials not incor-
dorited in the frit are ground generally in ball
2dls with water. Grinding is followed by sieving

! magnetic treatment.

he ball mills e Jurge steed drums fined with quirtzite
srmig blocks, Flint pebbles of various size grades

2 'requently used. Reeently. high-density tusually high-

- oina) bals or eylingrical rads hive found Taror for this
peration. The higher-density media reduce grinding times
uld lessen contamination from pebble wear, The media,
el and water occupy v 6l of mill volume, Media
~eight is around ¥ times that of batch, Water content tuns
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30- 3%, depending oa the material being processed. Mill
specd viries with mill sizen te smaller the midd, the faser
the rotation.

The practice of grinding to a stated percent-
age of residue remaining on a test sieve does not
tuke into account differences in particle-sive dis-
tribution broughi about by changes in media stze
and size distribution and lincar wear. PriiLes
[tS!] has shown that apparently minor differ-

©ences in glaze and enamel slip particke-size distri-

bution can cause murked differences in slip
rheology.

While fine grinding improves uolaze hright-
ness, hardness, and chemical stability, grinding
too fine can result in crawling (parting of the
glaze. which leaves bare spats) or peeling (flak-
ing away) of the glaze. Changes in the soluble
materials content of the warer can lead to diffi-
culties in consistency and {ineness of glazes.

5.3, Glaze Application

The prepared glaze slip ts adjusted with addi-
tives designed to control consistency and adhe-
sion. Hand dipping of prefired (bisque) ware in
glaze slip was the general practice prior to 1920,
However, spraying then became common. Auto-
matic spraying on i convevor line s now used.
Tiles are glazed by spraying or by passing them
unter a falling sheet of glaze slip.

Aside from grinding-induced differences. the
nature of the materials can result in gluze set-
thng. Suspending agents. such as bentonite or
organic agents, are then used. Flocculants, such
as MaSQ, or CaCl,, can be used.

6. Glass (- Glass)

Glass has been defined in simple terms as a
fusion product of an inorganic material that has
been cooled to a reasonably rigid. noncrystalline
state {2, p. 42]. Objects made of glass are simply
called glass. although specific kinds of glass ure
quahified by types. such as flint. barium, lead,
container. or window gluss.

As shown by Table 10 (see p. 31) glasses con-
stst of the following rypes of oxides: (1) network
tormers tform glusses by themselves); (2) net-
work modifters (alkali-metal ions and alkaline-
carth-metal tons); (3) intermediate glass formers
ipurtial substitutes for network formers).
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A Gairly high PbO content (10 =33%) is char-
acteristic of flinr glasses. Low-expansion, chemi-
cally stable glasses contain signilicant levels of
B,0; (6~ 12%}. Optical glasses contain variable
percentages of lead and barium oxides.

Soda—lime - sifica glass represents the majoy
proportion of commerciat ghiss {12, chap, 13]. It
is made by melting more or less pure silica sand
by Muxing with soda (Na,0) and stabilizing with
Cu0 or CaO - MgO.

Container giass is a typical soda -lime -silica
gluss containing smaller percentages of materials
having special functions. Alumina (from feld-
spar or nepheline syenite} helps chemical stabit-
ity, sodium nitrate functions as an oxidizing
agent. and arsenic is a fining agent (for elimi-
nation of bubbles and undissolved gases). Clear
glass requires low Fe, O, content, whereas high
Fe,0, materials are used in colored glasses {152].

FA | g |
Manganese blanks out the green color of iron.

Comainer glass production is usually large scale.
Batches ure weighed automutically, blended, and conveyed
Lo glass melting tanks {refractory containers Yor melting).
Tanks hold 180-275 t of glass. Batches are fed into tanks
us layers 15-20 cm thick and melied by heut from side
burners fired with oil or gas. Exhaust heat passes into
checker chambers below the burner ports: flow (s reversed
3-4 times per hour. Combustien air passes through the
heuted checkerwork.

Large refractory blocks made of fusion-cast Al,O; or
AlLO,-Zr0, ~-5i0, mixteres function as stde walls and
end walls, while the bottom is ZrSiQ, and the roof is
S0, A container ulass tank may have meliing areas of
0-150 m* with gluss depths of 1-1.3m. A campaign
(working life before major repair} of 4 tank may be 4-5
yoiars,

Sheet gluss tanks. holding 1200-1504:1, are much
larger than container glass tunks, Such u tank cun supply
180-2751 every 24 h. ’

Optical glass tnks are miuch smaller, with outputs of
perhaps 40 -200 kg every 24 h,

Forming is by pressing. vacuum, or blowing
(using air pressure to transform the gob. ie.
mass of molten glass. into u hollow piece). Other-
wise. a sheet is formed by pulling (drawing) a
continuous sheet of molten glass from the tank
and passtng it through a flattener or roller. Float
gluss involves a process in which the sheer floats
on u buth of molten tin with heaters above and in
the bath; the glass settles to an even ribbon and
is allowed to cool slowly. Sheet glass requires
polishing and grinding for use as plate glass.
whereas float glass does not.

Fibergluss takes wwo forms: (a) conuinuous
thread for textiles or (b) discontinuous tiber for
insulation. filtering, or reinforced fiberglass.
Glass marbles are fed continuously into a melt-
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ing chumber, and filsments are pulled through
platinum spinnerets. Discontinuous fibers are
blown by striking a motten stream ol gluss with
a high-velocity steam jet. Such giass generally
has o lower viscosity than textile tibergluss. Fi-
berglass, with its high surface arci. also must be
chemically stable.

Certain glasses [153] and glass-bonded ce-
ramics [154] have application as refractory sub-
stances. Included are vitreous silica, high-silica
glasses. aluminosilicate glasses. aluminaie aluss-
es, mullite glass. and barium teldspar gluss ce-
ramics.

7. Refractories (— Refractory Ceramics)

Refractory materials are essential to the
manufacture of all forms of ceramic products,
including refractories themselves. Table 11 [1,
pp. 13-15] gives classes and types of refractory
brick. Insulating firebrick are rated in eight pro-
gressively more refractory groups where reheat
shrinkages are not more than 2% at testing tem-
peratures of 845°C (group 16). 1063 "C (group
20), 1230°C (group 23). 1400°C (group 26),
1510°C {(group 28}, 1620 °C (group 30). 1730°C
(group 32). and 1790 °C (group 33) {1. p. 104].

Special refractores include zircon (ZrSiQ,),
zirconia (Zr0,), sifticon carbide (SiC). chromic
oxide (Cr,0;). and graphite (C). Refractory spe-
cialties include nonformed products such as
mortars, castables, plastics, and ramming mixes.
Basic refractories include the chrome brick,
chrome —magnesite brick. and magnesite brick
used in basic oxygen steelmaking [133].

Table 11. Classes and types of refractories

Chluss Type PCE* MOR**,
MBPa
Firecluy Super duty 3 414
High duty 3.3 345
Medium duty 29 345
Low duty 13 dod
High Al6), 50% ALO, 4
60% ALLQ, 36
0% ALO, 36
80% ALLO, ¥

W% ALLO,
99% AlLC,

* PCE pyrometric cone equivalent.
** MOR muodulus of rupture.
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&, Abrasives
| - Abrasives, Vol AL pp. 1 16y

several natural minerals are employed s
ives for cutting, grinding. and polishing,
e include quartz, garnet, corunduin, emery,
Sramond. Manufuctured abrasives include
1 carbide. boron nitnde, dismond. fused

o, silicon carbide. titanium carhjde,
—nesten carbide, and zirconium siticate. Abra-
e aroducts include loose  grains,  wheels.
soated abrasives, and grinding pebbles.

b

Y, Cement (- Cement and Conerete,
Vol A pp. 489-337)

vemenl is u svothetic muineral  mixture
cmkery that when ground to a powder and
auved with water forms a stonelike mass, and is
dnes g ceramie product [156]. A primary require-
ment for cerneat manubacture is a source of Ca0:
this cun be timestone, oyster shell, slag, etc. Also
necessary is 4 source of AlLO; and SiO,. most
comumonty clay and, where needed. a quartz rock
e sand.

Processing invelves (1) grinding of rock ma-
sl 2y blending of ground materials to a
csired chemical composition or slurry blend-
uoof the powders, (3) burning the blended

materizl to form o clinker. (4) blending the
inker and gypsum. und (5) grinding the
aypsum—clinker. Grinding can be accomplished
by dry grinding ball milling, rod milling.
roller, race, tube wmill - with air classification.
Eluersize s reeveled.

The American Society for Testing and Mate-
ot hus Bisted specifications for eight types of
~mentin accordance with chemical composition
i physical requirements [157).

It Properties of Ceramic Materials
and Products

Ceramic products have relatively  high
<rength associated with brittle fracture. high
siermal stability, and low electrical conductivity.
These properties are reluted to structure and de-
pend on the size and arrangement of multiphase
P9|_\'crysm“ine constituents and the ghassy phase.
Size, type. and distribution of pores miust be
considered beenuse pores affect strengih, ther-
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mal expansion. heat insulation. corrosion and
weuthering resistunce. und electrical properties.

Table 12 shows mechanical properties of o
number of representative ceramic products. In
all cuses, there is a characteristic direct transition
from a small elastic deformation, with no or
small plastic deformation, (o fracture. irreversi-
ble deformations from above the elstic region
up 1o fracture may be due o viscous processes
within the purticle structure.

lmportant ceramic oxides have high melting
points { ‘C);

AlLO, 2050 Fe, 0, 1600
MgO 200 FeO (360
Cu0 2600 MO ALD, 2135
§i0), 1740 I M0 Sy, 1290
20, 2300 JALO,-2Si0, %10
Cr,0, | 2365 10, Si0, 1715

Table 12. Mechunical properties of ceramic materiats

Type of material

Compres-  Flexural  Modulus
sive strength, of
strength,  MPa elasticity,
MPa GPa
Solid brick 10-25 $-10 3-20
Roof ule 10-25 §-15 3-20
Steatite 850-1000 140-160 1-3

Silica refructories.

96 -97% SiO, 15 30 N §0 R? 4
Fireclay refractories.

0-44% ALO, 10-%0 518 .33
Corendum refractories,

T3-90% Al Q, H-200 10-130  30-120
Forsterite refractories 20 -40 S-10 23-30
Magnesia refractories 30 - 100 8-200 30-:3
Zircon refructories 0 60 R0 200 A3-40
Whiteware M -40 20-125 10-20
Stonewire 40~ 100 20-40 -7
Electrical purcclain 35)-850 - 145 55-t
Capacilor cersnics M- 1000 90 -160

Table 13. Thermal expansion coefficients, 197K "L, of
components of cerumic materials

Component Temperature ranges, C
20-300 20 -900 2= 1400

Silica 16,5 15,3 LLERE;
Magnesite 10 123 14,2
Chrome mugnesite b 9.4 0.3
Chromite A Y.l 9.3
Corundum 99 7.3 7.2 *
Corundum 40 4.3 32 [N
Zircun 7 13 .
Sillimanite i} 4.4 4.8
Silicon curbide 1.6 35 4.4

7.9 over the ringe 20- 200 C.
4.5 over the range 20 1200 C.

L)
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Table 14, Thermal conductivity of refractory brick T Z2 =
4 = = Jatinitiy et
Material “u Porosity  Thermal ¢onductivity, z _Tm woo = w = = bra d ree ‘; )
WmT KT LR 223 4 3 4 Sra h peundugts
aAED == thettha: el
37C 1000 © v tracs’ war
- v )
Al . Lan]
% ALO, kA .44 .72 3 ; w e ™ R Tater 16 ¢
e AlQ] 1 I3 . : |§ " -s 2 etam penada
= Eg) s b 1.42 =) - Y i Vo T I 2
99% Al 24 wn 147 i e,
Silica 3 134 1.76 S - B
Mullite 2 0.92 1.76 ET | o A Sigher than foe
94% MgO 0 0.86 2.76 BE|g |rmem= = ' Tatar 17 pun
agnesite 27 3 oz F Ve = >
Chrome magnesite 22 1.72 .80 : 4 b -t arn! thermal pes
Zircon 17 2.76 2.38
c. maling advpm
—E%:‘ o g o aturr fi= miea b
o . _ £ge T3 - Hmperatury o
Table 15, Thermal conductivity of electrical ceramics at £ S5 R T S S S i herwaa
room temperature = mne e o= R
I Ay, '
Body type Thermal-conductivity, o & Mreab s n thy
Wm-'K-! s . =+ adengeats althune
=
- . & LY oo o1 — e i e e
Electrical porceluin 0.8-1.7 5 E 5] REg B85 £ 0 AL
Steatite porcelain 21-25 trarmd aten g
Cordierite 1.3-21 a2 AT
Zircon porcetain 4.6-50 g ¥ OE|wm - =
Titania porcelain 29-42 cE .| e 2
Titanate 3.3-42 28 a |l e
- LENE | i slw -
= = . lentimg o
Table 16. Resistivitics of some metals, cerumic insulators, 2 - 3 2 b od
and semiconductors at room temperature 5, 2 8 5523 . Proc
P} ':' "T - Lo
cZed - -
Ceramic material Resistivity. Q cm EopRd|own 2=z -
y 252 :o_o% CTHERE e
Insulators o . e e e
Low-voltage porceluin 19" 104 ar - = =~ = i~ dan
Sleatjle porcelain 0 23 § a5 5T = = Z 7 GiEE LT L et s
Mullite porcelain 10" S35 = ~ B < et ae Y e
Cordierite porcelain 19" g ,

. . Wl A .. ~
Zircon porcelain to' = - ~ o PRETES g
Alumina porcelain 1o 2 . e = R
Silica Lo 52E T -

&5 08 = = — 2 ~
_ 2ED |G’ &5 % 03
Semiconductors EsZ= D e R T R
Silicon carbide 10
Boron carbide 0.3
Ferric oxide - N ¥ 3 iy e ey
> = = =
v = o ﬁ = -
=z 253351
- . . ” e —_ = p—
Table 13 gives thermal expansion coefficients 2| % - E 253F
for a number of ceramic product constituents. 1z %E JE D Y 111 Mew A
. : . 5|z SSEZLE z
Because high melting points generally correlate 20E ESE°5i < ew Mo
- . - = E - -
with low thermal expansion, these materials gen- 3 .
- - AR gy
erally have low coetficients of thermal expan- z = e
. . . 2 = fac T RN 2N [
sion. The anisotropic structure results from poly- g . ) o
1 - ~ " = o3 o N < mevind epmaTey ap
crystalline mixed phases and varying amounts of p oz = LI .
? X . 4 7S o 7= s Rt s tharegingp -
elassy phases. which cxpliins the relatively poor £ S S
= ; = noo S <7, s _3 ALY E N PR+ - Y
thermal-shock resistance. £ ez 23 s 2| . snw A cednaed B
Most ceramic products have thermal conduc- = <<z S5&£ I % Talve L4 G s
e i ol ~ . -~ —_ 5 : L = = =1 =
tivities lower than pld[lnt.lm, tcu" exc_impt?. but = g E 53z z 3 ~ bt P
. - e . = EEQE = Zi 2 vt
hlgher' than, for example. insulating firebrick or 212 53:=552 =2 = et atiny P
organic polymers. Table 14 shows thermal con- == <24 LE 7 .
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duetivity coefficients for o number of refractory
brick products (4. p. 942), and Table 15 provides
thermal conductivity ranges {or a number of
clectrical poreeluin types {19, p. 47).

Table 16 gives resistivities for o number of
ceramic products that serve as electrical insula-
sors: their resistivities are of the order of
P10 Qem severul orders of magnitude
ieher than tfor metals [19, p. 47).

" Table 17 provides o tabulation of mechanical
and thermal properties of materials employed in
making advanced ceramics articles. The temper-
awure for which these values are valid is room
temperature or somewhat above, unless specified
utherwise.

Chentical stabifity of nottporous ceramic
aroducts in the presence of acids or alkalies is
adequate although it decreases as the tempera-
are is increased. Nonporous ceramics can with-
and atmospheric effects up to their melting
I

1. Testing Ceramic Raw Materials
and Products

A distinction is made between tests made to
sviermine the suitability of raw materials or ce-
~unic products for particular applications and
quality control test procedures. Tests for suit-
ability can be very involved. whereas acceptance
tests agreed upon between the raw materials sup-
nlicr and the user or employed by the supplier in
mining and eefining and the manufacturer in
Srogessing can be simple, The characterization

weept is considered the basis tor determining

suitability of raw materials and products [2],

o 195-249], [63],

11.1. Raw Material and Product Tests

Various ceramic munufucturers and sup-
Plrers of raw materials tor ceramic products have
‘ined together in “the development of standurds
-+ characteristies und pertormance of materials,
“wlucts, systems, und services: und the promo-
o of related knowledge™ (2. p.iii].
Table 18 tists the volume identiticutions und
sutbject areas of interest to the several areas of
“eramic endeavor [2. pp. vi -vii].
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Table 18, Listing of ASTM book of standuards (LU%S) o
ceramic-relited 1est compiliions

Volume Subject arey

identi-

lication

D305 chemical analysis o metads and metal-
bearing ores

N3.06 CMESSION SPRCLigscopy. sutfice analysis

N4.06 thermal insulution

101 cleetrical insulation: solids, composites und
coings

10.02 electrica) insulation (1), wire and cable,
heating und electrical wests

10.04 electronics (i}

10.05 electronics (1)

11.01 water (1)

L2 water {il)

11.03 itmospheric analysis: vecupationat health
and safety

12.01 nuclear energy (1)

1202 nuclear energy (D). solar und geothermal

14.01 anabytical methods -- spectroscopy: chronti-
tography, temperature: compulerized

14.02 general test methods - nonmetal: b uppa-
ratus; statistical methods: durability

15.01 refractories, carbon and graphite

15.02 gluss: ceramic whitewsres, porceluin enamels

11.2. Simplified Testing of Clay Body
Materials

The tests fisted in Table 19 were derived from
the characterization concept to serve as control
tests by miners and refiners of ¢y body materi-
als and by manufacturers in aceeptance testing
and for plant control. Table (9 lists suggested
control tests for clays and nonplastics. These
tests are designed as surrogate procedures for the
methods that require compiex, expensive equip-
ment and highly trained personnel. Chemical
anulysis, particle-size distribution. and mineral
constituents govern fired properties and glaze fit
of clay-based bodies. A simple test. using two
clear glazes (one fitted to  standard kaolin and
the other to a standard ball clayvy make possible
detection of vartation in {ree silica. The presence
ot specking impurities is shown more sirongly by
clear gluzes than by bisque clay. Deflocculation
tests indicate changes in particle size and soluble
sults, The solubles test also relates to delloceula-
von and the rate of cast. Nonplastics should he
evaluated in a standard body tor detfocculation,
rheotogy, and fired properties. A fusion lest,
compared against standard specimens [139], is
indicative of changes in mineral composition and
particle sive.
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Table 19. Suggested conirul tests

Vol. AG

China clay Ball clay

Feldspar Silicy

residue: 100, 200, residue; 106, 200,
323 mesh 325 nwsh

solubles; hardness.
Cl-, 50;

methylene blue index

solubles: hardness,
Q17,8027
methvleme blue indes
particle size unalysis purticle size analysis
fired shrinkage and
absorption  «

lired shrinkage and
absorption

gluze it gluze M
fired coloer. specking
chemical: TiQ, and Fe,0,

neat clay detlocculution

fired color. specking
ignition loss
clay - Nint deflogeulation

casting casting

residue: 100, 204, residue: 100, 200,
325 mesh 328 mesh
particle-size analysis particle-size analysis
body defloceulation bady detiovcutinion
casting cups ind bars casting cups and burs

firing shrinkage and tiring shrinkige and
sug bars s bars
glaze tit and ubsorption glaze 1it and ahaorption

fusion

11.3. Quatity Control of Advanced
Ceramics

The degree of quality control needed in u ce-
ramic manufacturing depends on the critical re-
quirements of the application. [n advanced ce-
ramic manufacture, most end uses need a spe-
cified manufacturing procedure in writing in ad-
dition 10 cerufication that this procedure has
been followed. The more demanding applica-
tions must have proof tests, destructive sample
tests, and nondestructive inspections of various
kinds [19. chap. 9].

A popular method for characterizing flaw
distribution is the use of the Weibull approach
[160). based on the weakest link theory. This

0.95
.80 . 2 f s
: o "
v b4
o 050F ./' E?
g . A
Z 020} ¢ g5 2
b hd o/
% o}
Z . o
3 4
&
] 1 1 1 1
1k 557 690 827 965

Fracture stress kPa — —-

Figure 7. Weibull probability plot showing the ¢iteet of
forming methods tae sdicon nitride on the range and level
ol stress Itacture

o lsopressedisintered; @ Slipeast sintered: o Injection
moldedysintered; o Injection molded hot isopressed

theory assumes that a given volume of a cerumic
material under uniform stress will fail at the
worst flaw. Data is shown as a probability of
failure F (a function of stress o and volume ¥ or
area A under stress) plotted against ¢. The prob-
ability F can be estimated from Fu/(N + 1),
where n = rank of sample and NN = total number
of samples. When plotted on a log normal grid,
4s in Figure 7. the result is a straight line.

The data of Figure 7 show the effect of forming tech-
nique on the uniformity of an advanced ceramic material,
with respect to stress fracture. A vertical plot at 4 particular
fracture stress indicates absolute uniformity. $lip cast and
injection-maolded parts are much more uniform than simple
isopressed items after sintering. Slip-cast pieces ure more
uniform thun injection-molded panis, Hot isopressing of
injection-molded pieces gives a significany increase  frag-
ture siress over sintered injection molding, bul at about the
same level of uniformity.

12. Economic Aspects

The cost of a ceramic product at its point of
manufacture depends on such factors us (1} cost
of raw materials: (2) cost of energy for process-
e, forming. firing. and fimshing: (3 cupital
cost and maintenance; and (4) cost of labor. The
impact of the various factors necessarily vary
with the product being made.

Raw material cost involves the cost of min-
ing. refining. and transporting a given commod-
ity to a point of ceramic manufucture. Equip-
ment cost depends on the country where it is
manufactured. However, countries with highl
developed. technologically advanced manufac
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nal appear to be the case for many materials
required for advanced ceramics. OF 27 basic in-
dustrial minerils or metals listed by the US.
Depurtment of the Interior, 1§ are imported at
levels above 30%. including cobalt. mangunese.
and chromium [170}

13. References

Creneral Referenves

[ Amne. Buok ASTM Stoud. 1972, pact 13, Refrec-
toriex, Glass, and Other Ceragmie Materigls, Termsy
Reluting to Coranric: Whitewares and Related Prod-
ncty, C242 -C272.

[2] Anni. Book ASTM Stund. 1985, vol. 13.02. Gluss:
Cerantic Wiitewares; Poreeluin Enamels,

[3 R.J. Charleston (ed ) Werld Ceranvies, Paul Hum-
fyn. London 1968,

(41 R. W. Grimshaw: The Chemistry and  Physics of
Clervs and Atlicd Ceramic Materials, dthed.. J. Wiley
& Sons, New York 1980

[5] L. L. Hench, R, W. Gould: Characterization of Ce-
ramics, Dekker, New York 1971,

(61 G. Herdan et al.: Sadl Pardicle Statistics, Butter-
worth, Londen 1960,

[71 W. D. Kingery (ed.): Ceramic Fabrication Processes,
J. Wiley & Sons, New York 1938,

[B] W. D. Kingery (ed.): Cerwmics and Civilization,
vol, t. dncient Technology 1o Modern Science, Amer-
ican Ceramic Socicty, Columbus, Ohic, 1984,

(91 €. Klein, .S, Hurlbut, Jr. (after I D. Dana):
Munual of Mineralogy, 20th ed., J. Wiley & Sons,
New York [985.

[10] 8. ). Lefond ed.): Industrial Minerals and Rocks, 5th
ed.. 2 vols., Soc. Min. Eng. of AIMME, New York
1983,

[11) ¥F. H. Norwon: Fine Ceramics: Technology and Appli-
cations, McGraw-Hill. New York 1970

{12] F.H. Norton: Elements of Ceramics. Ind  ed.,
Addison-Wesley, Reading, Mass.. 1974,

[13] L.S. O'Bannon {ed.): Dictienury of Ceramic Scicnee
and Enygincering. Plenum Press, New York 1984,
[14] G. Y. Onodu, L. L. Heneh {eds.): Ceramic Process-

ing hefore Firing, ). Wiley & Sons. New York 1978,

[15) H. Palmour et ul. {eds. ). Processing of Crystalfine Ce-
ramiécs, Plenum Press, New York 1978

[16] T. C. Patton: Puint Flow and Pigment Dispersion.
2nd ed., J. Wiley & Sons, New York 1979,

[17] G. W. Phelps et al: Rhealogy amd Rhcomerry of Cluy-
Water Svytems, Cyprus Industrial Minerals. San-
dersville, Ga.. 1982.

[18] P. Rudo: An Introduction o the Technotogy of Por-
tery. Pergamon Press. Oxtord 1969.

[t9] D. W. Richerson:  Modern  Ceramic  Enginecring.
Dekker. New York 1982

[20] H. Sabmang: Ceramics: Physical and Chemical Fun-
damentals, 3th od.. Buttcrworth, London 1961.

[21] ©.). Shaw: [ntroduction o Collvid and  Surtine
Chentistry, 3rd ed.. Butterworth, London 1980,

[22] H.van Olphen: An fmiroduction te Clay Celloid
Chemistry, 2nd ed.. J. Wiley & Sons, New York 1977,

[233 W, E. Worrall: Clays and Ceramic Row Materials,
Ind ed., Pergamon, Oxlord 1982,

Vol. AB

Specific Relerences

(24] W. W Perkins (ed.): Coramic (Hlossary - 1984, Amer-
ican Ceramic Soviety. Colunrbus, Ohio, 1984,

[25] J. R. M. Bluck et ul.. Anr. Ceram. Soc, Biull. 64 (1985)
39-41, 350

[26] W. G. Solheim, Sci. Ao 226 (1972) 34 41,

[27} T. A, Wertime, . Seic 61 (1973) 670 6X2.

[38] J. G. Avers. chap. 2 in {3].

[29] J. B. Hennessy. chap, |in (3]

[30) D.J. Hamtin: The First Cities, Time-Lite Bouoks,
New York 1973 chap. 6.

[31] Liu Zhen, Hu Youzhi, Zhen Nuizhang, J. Jingdveshen
Ceram, Just, 5 (1933) no. 2, 17-36,

[32] M. Farnsworth, Am. J. Archacol 68 (19064) 221 - 231,

[33) G. Fehervari, chap. 3 in {3].

[34] A.S. H. Megaw, pp. 100-109 in [3}}.

{35] F. A. Dxcier, pp. 127-134in (3]

{36] S. Ducret, pp, 216-224 in [3).

[37] A. Ray, pp. 246-254 in (3]

[(38) H. Ries. H. B. Kummel. G. N. Knapp: The Cluys
end Clay Industry of New Jerser, NJJ. State Geologi-
cal Survey, Trenton, ™N.J., 1901, chap. 11.

[391 G. B. Kenney, H. K. Bowen, Am. Ceruni. Soc. Budl,
62 (1983} 591. 1

{40] E. Ruh: “Metallurgical Refractories,” in M. G.
Berer (ed.): Encyclopedia of Materials Science and |
Engineering, Pergamon Press, Oxlord 1985.

(41} R, AL Haber, V. A. Greenhut, E. J. Smoke, U.S. pa-
tent application. 30 April 1984,

[421 ). D. Birchall, Trans. Br. Cerant. Sor. 81 (1983)
143-1435.

[43] R. A, Katz, Science (Washington, D.C.) 208 (1980)
841847,

{44] M. E. Washburn, H. R. Baumgartner, Second An- |
mual Army Materials Conference on Ceramics for
High Performance Applications, Hyannis, Mass.,
1973,

[43] G. Q. Weaver. J. W. Luckek. A, Ceranm. Sov. Bufl,
58 (1978) (131-1135.

J. Friberg, B. Aronsson in 3. Soruiva (ed.): Ceramic
Science ar the Present and in the Fuiure, Uchido
Rokakuyo Publ. Co.. Tokyo 1981, pp. 109-130.

B. North, Materials and Society 8 (1984} 271 - 281,
H. R. Baumgartner: “Evuluation of Roller Bearings
Centaining Hot-Pressed Silicon Nitride Rolling Ele-
ments.” in Second Annual Army Marerials Confer-
ence on Ceramics for High Performunce Applicarions,
Hyannis, Mass., 197 3
J.F. Buumard, B.Cales, A M. Amhony in S
Somiya (ed.): Ceramic Science and Technology ai the
Presemt and in the Fuiure. Uchido Rokakuyo Publ
Co.. Toyko 1981, pp. 161 ~191.

P. AL dameway. Cerom. fnd, (Chicugoy 122 (1934)
40 -45.

P. F. Becher, J. Am. Cerant. Soc. 64 (19811 37 -39,
W. R. Cannon. K. Willinger. personsl communica-
tion (1984).

[53] I M, Lachmann, RN MeNally, Cerom. Eng. Sei.
Proc. 2 (1981} 337 - 331,

i3] D.W. Roy, K. E. Green. Ceram. Eng. Sei, Proc. 4
{1983) 510-519.

(53] K. M. Prewo, J. L. Brennun, /. Marer. Sei. 15 (1980}
161 - 368,

[36) A. K. Dhingra. Phifos. Trans, R. Soc. London A 294
{1980) 3539 -564.

[57] M. K. Surappa, P. K. Rohatgi. J. Marer. Sci, 16
{1981) Y83 -993.




Vol. A§

sy TN Amer-
e Ohio, 1984,
See, Bull, 64{14955)

72y 344
TR 6T 682,

Time-Lile Bouks.

azhang, f. Jingdezhen
36,

. 68 {1964 221 - 23],

nr (3]

- RKaapp: The Clays
LN Stane Geologi-

. chap. 11,

te. Cevennr, Soc. Bull,

actories.” in M. G,
Vigierials Science and
findord 1985,

i ). Smoke. U.S. pa-

rard. Soc. 8 (1983)
o, DLC) 208 (1980)
rariner. Second An-
e on Ceramics for
vy, Hyannis, Mauss,,
i, Cerant. Suc. Bull,
wniva {ed. ) Ceramic
e Future, Uchido
981, pp. t09-130.
81984y 271 =281,
on of Reller Bearings
. Nitride Rolling Ele-
v Materiuly Confer-
wmance Applicarions,
MoAntheny in S
ard Technelogy at the
wiv Rokakuye Publ.
Iicage) 122 (1984)

w6 (1981) 37- 19,
wisonal comemunica-

v Ceram. Eng. Sei.
. Eng. Svic Proce. 4
Varer, Sei. 15 (1980)
R Soe. London A 294

o Mater. Sei. 16

=1 b b 2 el T A

3h e N2 BTy e 3 o PR WP g o ¢
I

T by A

Nk ket

e L el e L Rt TN PR T S ST EL NORp T b

b b L e L T

]
J
H

vol, AB

SspW I Lackey et al “Ceramic Coitings lor Heat in
Fngioe Materials Stiatus and Future Needs,™ in
!"'i:f'- tnte Symp. Ceramic Componenis Jor Mo
Fugines, Hakone, upan, 951,

w3 G Fishe

b LT, Kummwer, N Weber,  S4E 70 76 {1968)
03 1007,

W I Kingery et ab LooAm, Ceram. Soe, 42 {19359
HYS IR T

1 Heeht, High Techuol, 3 (1983) July/aug.. 49- 56.
3. W, Richerson. M. E. Washburn, US 3836 374,
1971,

=20 LR, Gagne Ay Coram. Soc. Bull, 54 {1975)

IR -T41.

Churacierization of Materials, Materials Adv. Board.,

Div. Eng.. Nit. Research Council. Publ. MAB-229.

Mo Nab Acud. Seil - Nut. Acad, Eng.. Waushington,

12.C.. 1967,

T WO Phelps, dm Ceram Soc. Bull. §5 (1976)
I28-329, 532,

W Phuelps, D, L. Hurris, Am. Ceram. Soc. Buil. 47
iR08) 11461130,

W Wewll NCAL Terhune, Ceram. Age 62 (1953)
o, 230 -4,

T 0 Anyaphong, M. G Mclaren, G, W, Phelps,
A, Ceram. Soc. Bell, 62 (1984) 11811185,

i G W Phelps, The Rode of Narurally Oceurring Or-
wattic Matier in Cluy Casting Slips, Univ. Microfilms,
Ann Arbor, Mich.. 1963, pp. 144 - 180,

17 4L WL Phelps, M. G. McLaren, pp. 211 ~225 in (14].

TN GoAL Loomis, S s Ceram. Soc, 23 (1940
13G- 162,

¥ L. Pauling: The Nature of the Chemical Bond, 3rd ed.,

Cornell University Press, ithaca, N.Y.. 1960, p. 544.

T2OWL DD Keller. Clurs Clay Miner. 33 (19851161 -172.
" ROEGrim, Cley Minerafogy, 2nd ed.. MeGraw-

Hill. New York 1968, pp. 77-92.

“1 AL Lo Johnson, W Gl Lawrenee, /. 4m. Ceram. Soc.
X {1942y 344 - 346,

I WoGL Luwrence, R, R. Wost, Ceramic Stience for
tie Porter, 2nd ed.. Chilton Book Co.. Radnor. Pu..
1982, pp, 45-35,

T LW Shatter, pp. 506308 in vol. | ot {10].

DA Holdridge, Trans, Br. Coranm, Soc. 62 (1963)
SET N,

WoKoenigo S A Ceram. Soc. 25 (1942)
1.4,

r

r

B, Rogers, 1.1 Nea). K. H, Teague (rev.). pp.
T2 R vol | ool [10). .
2 DGl Minnes o al., pp. 9312960 in vol. 2 of [10].
~I L van Wunaik, 108, Dennis. G, W, Phelps, J. Cenr.
Ceram. Soc. W (19611 1 7.
W Ryan, WOE Worrall, Frans. Br. Ceram. Soc. ®)
119613 390 - 5335,
CEOGOW Phelps. Ann Cermn, Soc. Bull. 38 (1939
EIEE TS
7 RUE. Brociner, R.T. Bailev: “Mechanical  Treat-
ment of Cernmic Bodies.” i Trans, f, Ceront,
Cenger, 9 (1966),
VoS.Schory. 4w Ceram, Soe RN DAGT
86295,
ALK, ‘I':lggurt ted )z Hheencdhoek of Mineral ressinge,
1 Wiley & Soas. New York 1945,
*MONCHL Parker. Chen, Ene. (N.Y0 71 96 8 June.
163 220,
MOE LR Stone, Chenn, Ene. (V1) 86 {1979} 5 jun,.
125 130,

cotnn Ceramt. Sov. Bull, 63 (1984) 569-57t. -

Ceramics, General Survey 41

[91] R. Remirez, Chens, Eng (N F)8S (19781 4 Dee., 70,
74
[92} Chem, Eng. (N ¥.) 92 LI983) 5 Aug., 37,
[93] Bowen Engineering. Sprar Oriers for Ceranics,
North Branch. N1, Bulletin 42 7,
[94] 1. T. Jones. M. F. Berand: Ceranivs: Indusirial Pro.
cossing and Testing. Towa Stite University  Press,
Ames, Towa, 1972, pp. 30 35,
{951 M. K. Bo et al., Frams. hust. Clun, g, 43 (1965
T228 Ta32.
[961 C. C. Furnas. frd. Eng. Chon, 23I(E9313 1032 105K,
[97] G. W. Phelps et al.. Am. Ceranr. Soc. Budi. 50 (19713
120-722,
[98] P. M. Rockwell, A. J. Gitter. 4o, Ceram. Soc. Bull,
4 (1965} 497499,
(991 1. G- M. deLau. Am. Ceram. Soc. Buli. 49 {E970)
372-514.
[100} D. W.Johnson, F. J. Schettter. 7. -, Cerum. Soe.
53 (1970) 30— 443,
[101] R. E. Mistler et al., pp. H11-438 in [i4)
(102] R. Russell ¢t al.. /. dm. Ceram, Sor. 32 (1939

105-113.

[t03] L. L. Hench et al.. Coram, Eng, Sci. Proc. 3 (1980
477-483.

{104] L. C.Klein. Ceram. Eng. Sci. Proe. 5 (1989)
379-384.

[t05] R. Roy, /. dm. Cerum. Soc. 52 (1969) 344,

[106] R. E. Gould. R. W. Cline. Am. Ceram, Soc. Bull. 29
(1950) 291 - 292,

(107] R. C. P.Cubbon. Br. Ceram. Trans. J. 83 (1984
121-124,

(108] R. C. Rossi. R. M. Fulrath. /. 4nr. Cerant. Soc. 48
{1965) 538 - 364.

{1091 A. R. Bluckburn, dm. Coranr. Soc. Bull. 29 (1930
230-234.

(110] Q. J. Whittemore. Jr . pp. 33355 in {14],

(111} B W Nies, C. M. Lambe. Am. Coram, Soc, Buli, 38
(1936) 319 - 323,

[112] E.G. Walker. Trans. Br. Cerum. Soc. 64 (1963
233-248.

[113] D.J. Shanetield. R E. Mister. Awr. Ceram. S,
Buff. 53 (1974) 16-420.

[(114] J. A Mangels, W. Trely in ). A, Muangels. G L.
Messing feds.): Forming of Corantics, Amer. Ceram,
Soc.. Columbus. Ohio, 1984, y0l. 9, pp. 220- 233,

[T13} AL Swineford (ed.): “Symposium on the tnginecrimg
Aspects of the  Physico-Chenmicu! Properties of
Clays™ in Proc, Y Nur. Conf, on Clavs and Clay
Min., Pergamon Press. Now York 1962,

(116} R.K. Schotield. Trans. fnr. Comgr. Sl Sci, 3ed,
1933 vol. 2. pp. 37 48,

[117) R Q. Packurd. 4. 4o Coramr. Sue. S0 {19674

223 .129.
(118} A D Coleman, 1D, Marsh, £ Soif Se 12 (1961
342 361,

f119] F. Samudiv. unpublivhed reseirch, Rutgers Univer.
sitv, 19X,

[120] G.W. Phelps. pp. 37 65 in [15].

[121] CioW.Phelps: Procecdimes o1 the Woreriels o
Lgipamens Whitewares Divisiens. Agerean Ceramiy
Soviety. Bedlonl, P Sepr. 19710 ppov 14,

[£22] F.H.Norton, 4 s Cerum. Soc 16 [RRRY
58 92,

[E23] WOR Morgun. RLK. Hursh, S dwr, €ora, Nesr, 22
(1939) 271 27,

[$23) D.Woo et al. L o Cerant N I (AR
IRT AN



42 Ceramics, General Survey

(125} R. P. Allaire, Ceraen. Ind. (Chivago) 86 {1966) no, 3,
3.

[426] B. Vassiliou, ). White, Trans. Br. Ceram. Soe. 82
(1953) 329- 85,

{1271 G. W. Bird. AT Dale. Trans. Br. Ceram. Soe. 51
{1952) 559 - 573

[L28]) L. H. Hepner, Ane. Cerern. Soe. Bull. 14 (19435)
d15-417,

[129) Wehster's Nimh New Collegiate Dictionary, Mer-
riam-Webster. Springlield, Mass.. 1982,

[130] ). E. Burke in W, D. Kingery ted.¥: Ancient Tochnol-
agl te Muodern Science, American Ceramic Society,
Columbus, Ghiv, §984, pp. 315 333

{131] ). G. Weinstein. C. Chanyavanich. unpublished re-
port, Rutgers University, Oct. 1980.

[t32] J. R.Schoer. R, Russell, 4m. Ceram. Soc. Bull. 49
(1970) 042 (U5, ,

[133] C. R, Moebus et al.. Ceram. Eng. Sci. Proc. 4 (198)
935- 945,

[134] ). G. Weinstein etal., Ceram. Eng. Sci. Proe. 3(1982)
879-887.

[135] T. Vasilos, R. M. Spriggs, Proc. Br. Ceram. Soc. 3
{1967) 195 22%. i

[136] R. M. Lonero. Am. Ceram. Soc. Ball. 62 {1983) 1000,
1009.

(137} N M. Hintz, Ceram. Eng. Sci. Proe. 4 (1983}
10141022,

{138] C.G. Harmon. Jr.. Ceram. Eng. Sci. Proc, 2 (1981)
S0R-916.

[139] S. W. Kennedy. K. W, Doak. Cermmn, Eng. Sei. Proc.
5 {1984 1121024,

[140) E. C. Bloor. Truns. Br. Ceram. Soc. 55 (1956)
631 - 600,

[141] H. H. Sorwwell. Jo A Ceram. Soc. 4 (1921)
TR - 730,

[142) A.S. Wuns. Trans. tm. Ceram. Soc. 19 (1917)
300302,

[143} F. Singer. Trars. Br. Ceranr. Sve. 53 (1934) 398 - 421,

{144) C. G. Hurmon. H. R. Swilt. J. 4m. Ceram. Sec, 28
(1933) 48 =52,

[t45} R, PLbsanes. A Ceram. See. Bull. 45 (1966)
14 TS

(146] C. B. Lutrell. J. Ao Ceranr. Soc. 3201949 327 332,

[147) T W. F. Jucobs, S dwe Ceram. Sve, 37 (19538
236 220

(48] WL Koch etal, JoAm. Ceram, Soe. 331950 £ 8,

[149] F.H. Norton, . Am. Ceremi. Soc. 20 (14931
2017224,

Vol. AB

[150] L. E. Barringer. Frans. Am. Cergm, Soc. 4 (1902)
211 -229,

[151] G. W. Bhelps, Proc. Porcclain Enamcel Do, Toch, Fos
ri 38 (19761 246 - 250,

{152] H.N. Mills. pp. 339 - M7 inval. 1ot 18],

[£53) W. H. Dumbaugh, J. W Malmendier in AL M. Alper
(ed.): High Temperature (Wides, part 4, Retractory
Glusses, Glass-Ceramics, amd Ceramics. Academic
Press, New York 1971, pp. b - 14,

[154] G. H. Beall in A. M. Alper (ed.y: High Temperature
Oxides, part 4. Refractory Glasses, (lass-Ceramics,
amd Ceramivs, Academiv Press, New York 1971
pp. 15-36. X

[155] 1. A. Crookston, W. D. Fiigpuatrick, pp. 373 385 in
vol. 1 of {10}.

[156) J. A. Ames. W, E. Cutlitle. pp. 133 - 153 in vol. | of
[10).

[157] Annu. Book ASTM Stund. 1980, part 14 Concrete
and Mineral Aggregates,

[158] W.J. Lackey. D, P.Stinton. G. A, Cerny, L. L.
Fehrenbacher. A. C. Schufthauser: ~Ceramic Coat-
ings for Heat Engine Materials  Stusus and Future
Needs,” Proc. Ini. Syp. Ceram. Compouents for
Hear Engines, 1983 ORNL TM-8959.

{159] H. B. Dubvis. /. dAn. Ceram. Soc. 15 {1932)
144-148.

[160] W. Weibull. J. Appl. Mech. 18 {1951) 293-297.

[161} R. J. Beals. Am. Ceram. . Soc. Bufl. 64 (1985)
47-50.

[162] J. H. Belger. Am. Ceram. Soc. Bull. 61 {1982)
1285-1286.

(163] J. J. Waish., Am. Cerami. Soc. Bufl. 61 (1982)
12843285,

f164] “U.S. Industey Trends.” A Cerami. Soc. Bull. 62
(1983) 547.

[165] ~U.S. industry Trends.” m. Cerumr. Soc. Bull. 63
(1984} 547.

[166] “*U.5. Industry Trends.” Am. Ceram. Soc. Bull, 64
(1985) 11.

[167] H. K. Bowen., personal communication o J. B,
Wachiman, Jr.. 1985.

{L68] 1. B. Wachaman, Jr.. Cerum. fnd. (Chicagey 121
(1983) 24-33.

[169] U.S. Dept. Commerce: 4 Competitive Assessment of
the U.S. Advanced Coramics bndustrr. NTIS Access.
No. PB84-162288 (1934).

[170] P. C. Maxwell, Am. Ceran. Sor. Bulf. 59 (1980)
L1358 - 1159.






