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Basic Ceremic Proceséing Techniquesi
| Richerd M. Fulrath
Departiment of Materials Scienggﬁand Eagineeriag,
vColiege of Engineering, and Inorgenic Materiels
Bc;esrch Division, Lewrence Berkiey Labbrgtory,

University of California, Berkley

-“Introduction_“ -

Ceramic'pfoceSsing‘consistsvof a series of steps each of
h*cihich is impoftant in'producing‘é>c¢ramic meterial for 8 |
J{'given epplication. in the techn%cal cersmic field the most

. important aﬁplications of ceramics are in the‘structural;

¢lectironic, and megnetic areas., For illustration purposes iwo

and lead:zirconate-titinate ferroelectric ceramics will be
used. BPBriefly each procéssing step will be discussed. These.
 3Step$ include rev meterial selection, mixing and grirding raw

- materiels, incorporation of dbinders and lubricants, celcining

densification of powder compacts at high temperatures.

One must keep in mind that in processing cerabic_mate-

rials, unlike metals, once the material is produced the pro-
- periies either mechanical, electricel or magmetic cspnoi be
' :changed. ﬁetals cen be heat treated, mechanically worked, ox

beth to drasticaily change their mechanical properties.

t

Rev Meterizl Selection

For meny years the ceramic producer did not heve rav

material sources that could provide meterials specifically

. : -13~

common technical ceramics, aluminum oxide structural ceramics

for compound formetion vﬁ;re appropriate, powder forming, and -




for ceramic production. In the aluminum industry one step in
the recovery Qf aluninum oxide from bauxite, a natural.dccure
ring hydrated aluminum oxide, produces aluminum oxide. The
majox use.of this matari#l‘is for abrasives: Many gradss wera
awvailable, Sut ths'yery small particle size gradés (under one
micrometer) were very expensive. The increased demand for'
high purity alumina ceramics and volume of alumina consumed

resulted in many alumina producers parfecting alumina powders

specifically for high quality ceramic materials at reasonable

‘costs.

‘The s#me patfern has béen‘folloved in bther raw ﬁateri#la.
Maﬁy'chemically prefaréd and purified raw mltexials such as
Ti0,, zrdz, BaCO,, Fe,0,, A1,0,, BeO, and'Uoz are now availe
able in a series of grades and prices for production of ceram-
ic¢ products,. | S .

I? many cases the applicifion of ;Iceramic @sﬁpiial in.a-

' device;do;; not demand thé use of high purity materials., Ths
aluiina geramicAmanufacturers produce a series of alumina
ceramics hased on the alumina'content. These alumina ceramics
very in A1,0, content from 85 veight % to 99.8 weight %. The
lowver grades of alumina éeramics can use less pure alumina
powders as the starting material and incorporats naturally
occurring minerals such as talc to provide MgO and SiO2 which
with A1203 can form a silicafe liquid phasé.at high temperature
and greatly ephance the densification process in firing. The
cost of these ceramics are substantially reduced along with

a reduction in high temperature mechanical properties and in—--

creased low temperature dielectric loss.
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Mixing avd Grinding Baw Matexisls
After rav material sslection powders must be prepared -
for the forming operation. FPowder pressing in dies under
uniaxial pressure is the most common mathod of ceramic
production for alumina cermics, piezoalectricv#nd ferro-
electric ceramics, and hagnaticrferrite ceramics. Slip |
casting and extrusion are occasionallj uSgd.  Por all theé;

proceas.steps and the latter high temparatuie densificationA”'

of the powder agglomarate proper particle sizs ahd intimate

- mixing of dopants, binders end lubricants, and fluxing mste_‘?

rials are hsgessary. E _< i

» After weighing the moisture free fav materials it is'l
;;ual to bgli mill the mix in sﬁ aqueous_médium.:_Comﬁon
practic;.is to use ﬁigh alunina mill jars and high aluniﬁa
ngirlling-mediao Yhers particle size reduction is neceséary ifs

is often necessary to use long milling times as shown in Pig.

1. Milling can and frequently does introvduce uncontrolled

contamination from fhe milling media and jar., Table I gives
some typical data for milling.lead zirconate titinate in =

high alumina porcelain mill under various conditionsa using

the same jar and psbbles and the same milling tims.

Y

- Table I
Milling PZT in 41,04
Veight Percent

Material Dry Milled im Milled in a

Tapurity o Calcined Milled e 23opropyl i;agzigagiﬁi
A1,0, 0.02 0.03 0.50 10,30 " 0.02
510, 0.01 - 0.02 0.18 0.08 - 0.02

_ Mgo 0.001  0.002 0,03 0.03 & 0.001

Ave, ' i

gorticle 6.4 2.5 1.6 1.6 1.6 - 1.8

in Microns




to cause

As can be seen in the Table a milling procedure that reduces

. to form
contamination must be followed to produce & high purity
: v Tioz, Zr
ceramic, ~ Typically for controlled composition PZT, the mixing
: - Lo . then com,
and particle size reduction are done using organic materials
, : elevated
for the mill jar and the highest purity A1203 pebbles avail- Ph(
S b(Zr_ Ti
able. Tiuwe of milling is kepit to a hinimum, ‘ SxT
' . ’ ' ‘ . - diffusion
Binders and lubricants used to provide strength to the
: . , ' ' T _ stituents
formed green body and prevent excessive die wear, respectively, f L
‘ ’ ig. 2.

are usually added to the mill. These organic materisls are’ R
_ : Y ; created a;
usually selected on the basis of their cost, ash content left ) .

~directly j

during oxidation, and nature of their burn our characteristics
_ , . be comment

(endothermic or exothermic). This area of processing is seldom = N
' ' ‘ In th

referred to in the literature as the ceramic producersgenerally
. 4 . LT . : deve_lops m

consider such iinformation proprietary.
' ‘ - must be mi]

" After milling the éuspension of small particles and the o
‘ : i This willji;
mill additions in the milling media are dried by one of a )

] . . . : . additions -8
number of processes. Spray drying where small droplets are ten. .
step.

passed through heated air to form spherical agglomerates is

frequently_usea in 1érge-scale production processes, Other
' S Povder Porm

techniques employ filtering the suspension then drying the
)  The po
filtrate followed by granuletion, Simple evaporationm is ,
R . Cgsting’ ex

seldom used beceuse of settling and segregation that may occur.
.. ’ . ) - Pressing,

¥hen it is used it 'is usually followed by a short dry milling . o
~ 18 used. 1

step.
o to achieve 4

"povder compg

Czlcinipng and Compound Foxgajfog

’ - r
In ferroelectric and ferrite materiels the desired com- process. 1Ip

‘ : tke
position is made by mixing the basic oxides or carbonates, powder £

, becau in s
_then subjecting those materials to a temperature sufficient : S€ 1n s
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to cause them to interact and form the compound.. For"éXample,

to form a basic lead zirconate titinate composition.‘ PboO,

TiOZ, Zr0,, end dopant oxides are carefully weighed and éixea

21

mixing then compacted 1o echieve maximum interparticle contact. At
ials elgvated_temperaturesAthesebbasic oxides interact to form
vail- Pb(zrxTil—x)OB' Because of fhe difference in solid sﬁate
. A’diffusion kinetics, the #gglomeration of the_basic oxide con-
the stituents may expéhd on cglciniﬁg. This is.illustrated_iﬁ |
ctively, Fig. 2. Due to this reaction segnanca'large void volumes are
‘are created and, therefére, mixtures of oxides cannot be entersd
? left directly into a high temperature deﬁsificatién process as viil
ristics be commented on later. . .‘ | ’
s seldom F ~In the calcining stqp'somé densificatiﬁn may occur which
;éﬁerally develops mechanical stirength; thefefore, thé»calcined product -
B must be milled to break up the agglomeration ?f fine particleg.n?>t
d the This milling is similiar to that described earlier. Mill |
‘e additions such as binders and lubricants are added‘at this.
s era step. ' ‘. '
»s is i ‘
Jther Powder Porming
the- . The powder forming processihg for cerami@s inclﬁdes ﬁlip
is

chsting, extrusion, uniaxiael die pressing, and isostatic

& . s \ L : .
¥y oceur pressing. Theses processes are usad when conventisal sintering

is usad. The main incentive of the powder forming process is

to achieve the desired compact geometry and density of the

nilling

powder compact to achieve maximum denaity in the sintering

process. In general, the maximum green density is desired in

the powder forming process. This statement should be qualified

because in sintering the void volumes distribution is important.

-17- .
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A well controlled uniform small pore size, in general, leads
to a more uniform.éintering and higher density than a wide

'distribution of pore size.

When powders are compacted in convential uniaxial die
pressing densitybgradignts are‘developed Qith_the méximuﬁm.:i
density achieved near the outside_of the compacf especially
directly under the plungers of the pfesﬁing assembly. Thése
density gradieants can lead to anisotropic’sintering and
develop cracmlng on heating a powder compact '

Slip casting and extru51én can also lead to anlsotroylc
structures especlally when ‘the 1nd1v1dual particles are platy
or flbrous. These conditions are freguently encountered in
alumins ceramics. Th1s preferred orientation 1ntroduced in
powder formlng can lead to anlsotroplc phy51ca1 propertles in

the f1nal ceramic product.

Firing Process

The firing étep in the processing of ceramics is thé~mq$t'
important. All previous steps have been directed to forming a

powder compact as homogenous 2nd uniform as possible end in the

desired shape.
or magnetic properties are deterﬁined through control of:the
densification and residual porosity, the grain size, séconds:y
'.phésesvﬁnd«their dristéibution, and the defect structure
produced. |
' The first step in the f1r1ng process is tge re;o§31 of -

physically adgorbed water and organic blnders and lubricants

present in the powder compgct. This step is usually accom-

plished in the general firing cycle, but in some cases it may

-18-
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»: e separate step. &hen thxs s.ep is a separate unlt oper— _
ation, the temperature is usually ralsed to that necessary t§
cause neck growth betwesn part;clea or a secondary phaselto
develop, sufficient to impart enough strength to the cz2ramic
for handl1ng. The ox1d§t1on characﬁerlstlcs of the blndnr
and permeation characteristics of water vapor through the
powvder compsct are ex{rsmely important in determining the
exact tiﬁe—temperature program for this operation;  Im5roperf
h“&tlng schedulea can causa cracking of the powder conpact
which can result in re31dua1 cracks or regiona oi nonunlform~ -
ity in the final product, |
Uhen the binder and vster removal atap is psrt of the

f1r1ng process. to maximum den81ty then the rate of heating in"

the low temperature range is important. §ome cont1nous tunnel .

kilns provide for a low temperature soak in the firing process
for controlled bisdsr and water removal. _

‘Qhé final firing of a ceramic to achieie'th9>finished'
product is the most critical:atép. :Many studies have been
made on sintering mechanisms for solid state sin#ering,'ainter—

ing with #vliquid phase present, and sintering under praaauré

A{bot preséing vith uniaxial or isostatic load application).

Most of these studies directed to determining the machanian:
of sintering and klnetlca associated with the process have baan_
isothermal atndlea.

Practzcal slnuerlng of ceramic matarials is not an iso-~
thermal process but ianvolves a t1me—tampersture schadule in.
vhich the heating rate 2nd cooling rate play ixportant roles in
the process, A recsnt study at the Unlvarslty of Callfornla on
the sintering of A1203 doped with 0.1 weight presant NgO for “

discontinous grain growth control has showvn that extonaive

-19-
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densification taked place before the maximum sintering tem-

perature is reached. Tha observed characteristics are shown
in Fig. 3. It is alsé'shown that the maximum densification
rate is achieved before the maximum temperature. Im this '
case the sintering i; complefély in the Solid‘stﬁténﬁithrA13+:

and 0%~ @iffusion rates cont;olling the mass transport neces-

sary for_densificatidn.
.The mechanisms that may control siantering imclude:
1. The diffusion of a vacanéy from'the region immediafely
below the surface of a pore to # gréin boundafy sink,
The counter ion diffusion, either cation or anion, can
‘then control sintering kinetics. The diffusion paih may

be either thrbtgh the bulk volume of fhe érjstéi~or along

Lot

grain boundaries,

2. The solution. and subsquent diffﬁsionvof ions iﬁ & liquid
phase developed at high tempéfatures. In this case either .
the golﬁtion step or the diffusiﬁn fqte of a sPecifigvioh_m§y4
control the mags transport rate. . V

3;VPlastic deformétion by dislocation.motion maj ﬁllgw geo-
metric changes of individual small crysfalliné particles. '
to aid densification; This process can be quite effective’
when external pressure'is applied to a poﬁder cﬁmpactbsuch

as in hotvpressiﬁg. .

In any case 6f solid stats sintering composition and the
sintefing atmosphe}e-can control the defect conCentration.énd:
mass transport rate. The sintering rate is also éfféétedrﬁj’“
the diffusion path length. Therefore, grain growth will de-
crease the sintering rate, and this is thought to be responsi-
ble for the decrease in densification rate after a givenvtem-

pereture and densify is reached as shown in Fig. 3. it grain

-20-~-
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growth can become discontinous (one or more grain grow &t a

very rapid rete giving very large grains in a fine grain

matrix) then pores may be trapped within an individual grain.
These pores are almost impossible to fehdjg gnd'iead”to
reduced maxiiuﬁ aensity achievaﬁle.
Discontinous grain grovwth can be suppressed by given
doping materials. For example Mgd added to_A1203 or EBZOS
added to PZ? are both effective discontinous grain groﬁth
V,inhibitors. Iﬁ éeneral, disconfiﬁous graiﬁ.é;ovth inhibitors
arefthosé ions that associete with létticé defécts throﬁgh
charge éompensation; A MgZT icn'substitufing for an Al?f i;n::
in & crystal with an éxcess conéentration near a grain‘b§und-
ary will associate wlth oxygen vacancles snd reduce thelr
mobllzty end subsguent grain boundary moblllty.
In firing a ceramic the firing atmosphere may first co#—:
trol defect structuré. ‘PZT will develop Pb and O vacancies L» e
in xts structure dependlng on the oxygen partial pressure in
the sznterlng atmosphere. Ir air firing ceramics, gases such
as nltrogen may be entrapped in pores, as they become closed,
A back pressure ;; developed as tﬁe f;r;'trles t; shrlnk;
This can stop the den31f1cat1on process. Therefore, Al 03
ceramics are sintered in Hz atmospheres, because the Hz molecule
tan easily diffuée out of the pore and along the g:ain_bouﬁdary
as the pore closes;
Throughoutvfhis éiscuﬁsion no meniion hes been made of
the écomonics.of proceSsiné ézcept in the selsction of raw
materials. High quality ceramics for specific applications
require processing techniques vhlch in some cases become verf-.

expensive. For example, for optically transparent PLT the

most successful method of densification is by hot pre551ng.'



Hot préssing is an expensive operation and not easily adapted

to volume produétion. The production of transparent or tran-
P - slucent A1203 requlres H firing atmospheres. This is also =~ = -
expensive and creates some problems in safety. In these cases

the product demgnd must support the more expensive processing.
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