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CERAMIC MATERIALS
by Joseph A. Pask

Department of Materials Science and Engineering of
College of Engineering, and
Inorganic Materials Research Division of
' Lawrence Radiation Laboratory,
University of California, Berkeley, California 94720

It is appropriate to have ceramic materials represented in a

symposium on Techriology Forecast for 1980. In addition to their own

developmenf, ceramic materials wili play a significant role in_many of -
the technélogical developments of the next decade. Tﬁis role is pri—.
marily due to their potentially greater high temperature stability, both
chemically and mechanically, although their high strength/density and
modulus of elésticity/densifyygatios'makeithem of general mechanical
interest;vFCeramics also are part of the exciting developments in the
area of optical, electronic and magnetic devicesvexemplified by solid
state eleétfonics. These ceramic méterials will be covered iéter byv
Dr. Brucé Hannay. Beerq_goipg‘any further, however, let us take a few
7 ﬁoments to establish communications between ourselves to make sure that
iwé are thinking similarly in regafd to the word ceramics and its relation-
.shipsi My past experience indieétes that tﬁqre ié a problem of semantics;
EarlyIQSage of the word ceramics iﬁéluded dinherware, sanitaryware,
porcelain, wéll tile--all reférred to as,whitewares; refréctories or high
temperature furnace componénts, structural clay products, glass, pbréélain
enamels, and;;of_course——pottery, These still constitute the major part
of the ceramic industry. The fraditional ceramic,iﬁdustries are thus.

product oriented; they produce the material as. a finished product that is
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used as a unit without further prpcessing by the user. By comparisoh; the
metals industry was, and is;veésentially matérials oriehtéd——that'is, it
produces materialé that are processed by the using indﬁstries_té produée
some kind of product, all the way from cans to bridges. vMetals Vere.
"handbook materials" that the designér automatically considered and used.
It neéessary, designs were adjusted to fit the listed property values
without loss of performance. The procedure followed in selecting a
material is shown in Fig. 1.

This procedufe was satiéfactory unﬂil handbook materialé withvdesired
property énd behaviorbcharacteristics; particularly for hostile environ—
ménts, wefe no lqngér available. Consequently, there is now great interest
in ceramic materials because of their potential promise of filling some ..
~of the;gébs; In the following aiécussion, however, I will ignore the
traditional ceramié product lines aﬁd devote my time to the ceramic
materials:éspeéts which really are of primary interestvand imporfance_
for engineering utilization cdnsiderations;

Again,vin‘onder.to avoid any confusion, let us take é few more
vmbments to present an overall view of the types and nature of materials
to show Wﬁeré cerémic materials fit into the matérials spectrﬁm. All
processéd materials used by engineers are universally dividea on a broad
bésis in terms of general chemical and physical characteristics as shown
in Fig.'2.- The principal and most differentiating feature is the type
of chemical bonding or thevelgctronié structure. Metallic maferialg.bf
metals are self—identifying. Organic materials or bolymers are covalent
_bénded materials that»cohsist of some ¢ombinatibn of essentially C,'d, H,

N and S. Ceramic (non-metallic inorganic) materials or ceramics are
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ionic-covalent bonded with the latter type of bonding ranging. from
essentially mnone to ell.e There are eeveral other interesting relation-
ships shewnvin the figure that should be mentioned. bBecause of the

nature of bonding, the.metals.are primarily represented by elements, and
the polymers and ceramics, by compounds. Also, the materialsfwith

highly metallic and ionic character (metels and some ceramics) are
crystalline whereas those.ﬁith highly covalent character (polymers and
some ceramics) are amorphous or glassy. Composite materials or composites
are nixtures of any two types of identifiable materials in which the con-
tinuous phase can be any one of the three types.of maﬁerials.

Materials can also be classified or discussed on the basis ef the
three broad property categoriesvof mechanical,'optical, and electricalf
magnetic. As mentioned, the ceremie electronic materials will be covered
later, 1 will thus devote my discussion to.ceramic materials that are
being utilized for therr hechanical'broperties which are of primary con-
cern for syructural appiieetiens nnder allrenvirOnmental conditions.

fhe.deeirebie.nechanieal eneracieristics of ceramics heve already
been mentioned. Unfortunately, these have not been fuily realized in
practical applications because of the undesirable characteristics of

.brittlenees,:and poor mechanical and thermal toughness, i.e. low,mechanical
shock and thermal shock;resistanee. These characterisfies are associeted
"with a lack of duectility and resnlthin a.;eatter of data for most.property
measuremen@e. This has been;equafed to a "lack of reliability" and has |
resulted in a loss of confidence in ceramic materials on the part of
'designers; Nevertheless; it is well-recognized that many engineering

designs are limited in unfriendly environments because of deficiencies of
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presently available and éccepted structurél materials. 'The‘desirable

and potentially available characteristics of ceramics -are sufficiéntly
attractive so that it becomes worthwhile to make continuéd efforts to
circumvent their undesiréble charaéteristics for structural applications.’
It is expected that a substéntial effort will be madé in this direction
during the NEXT DECADE which, should result in an improvement of engineer-
ing ceramic materials and lead to theifvincreased use,

This effort will be dependent upon develéping and controlling thev
desired character ofvthe material. What is character? In an ultimate
and idealistic semse, it is a complete description of the material and
can_be represented by the formula

CT_= CA + Cu + CM

where CT is total character, CA is atomic and electronic structure, (ideal

and defect), CU is microstructure, and CM is macrostructure (size and

shape).? Character is iﬁpg?tgn? because the p;gperties of a material

are depéndent ﬁQOp Cért%iﬂ featurésaof its charaéter. One‘of the objéc—
tives of materials science is to identify the character features uﬁon
fhich a gi&en prbperty is dependent. The character; of coufse, is deter-
mined in processing. Control of this character involves understanding
every step of the processing sequence, starting with the raw materials,
and theirvéffect on~%he'charaéter of the materiai.l These interrelation-
sﬁiﬁé are éhbﬁn in Fig. 3.3 It can be éeen that a producer mékes_é:'
material:with a certain character and that this character determines the

properties: of the materiél; the producer does not simply make a material

‘with certain propertiés. The full acceptance of this philosOphy”and



realization of the relationships will lead to a seientific gapproach.
Probgbly the most:significant develobment in;the NEXT DECADE wiphiﬁ the
field of ceramic maferiais will be a'giant step teward the establiShmenﬁ
of a seienee of ceramic processing.

It is important to explore the practical significance of the deVelop-
ment of sueh an approach. Controlled aﬁd seientific'processing will
redﬁce'variability which occurs in the character of a material during
processingvand.will alloﬁ the achievement of specific character features.
The principal return of reduced variability will be a reduction of the
scetter of data because the scatter is at least partially due te varia~
bility of character from piece to piece. "This achievement Will auto-
matically result in optimization of properties, will lead to greeter
automation in processing, and will in turn increase the confidence level
on the part of the designer. The capability of achieving specific character
features will result in the making. of engineered.characters and thus
aﬁtainiﬁg=improyed and_desired properties.

Simiiar‘deQelopments are also in'ﬁfogress'wiéﬁie the fields of
metallic and organic meterials. As a result‘probably one of the most.
significant developments in the NEXT DECADE within the whole field of
materials w1ll be the systems approach to materials selectlon - As shown

in Fig. 4, character is the core of this appreaeh. A systems approach

PR

as this one can be c@ﬁpﬁteﬁized. The analysis will indicate the matefial,
whatever it ﬁay be,“which will_have‘the necessary properties and ﬁhich |

_ can be pfecessed to produce a desired shape #at—a—price." This approech
is of value even if a material'with a spécified'character may noﬁb

actually be available, because it becomes a means for providing ideas



for materiéls research and for designing a character fof the purpose of
optimizing c¢rtain properties-andvbehavior.

Ecolqgical pfoblems associated with pollution shouid also be given
some attenfibn for materials are_not exempt from criticism, and because
engineers and fhe technological iﬁdustrieS'are being criticized. First,
enginéering is defined és the profession in which a knowledge of the |
méthematical and natural scienceé gained by study, éxperience, and
practicelié'abplied with judgment to develop ways to utilize economically
the materiéls and forces.of nature for the benefits of mankind. The .

' engiﬁéer has done a good job in benefiting mankind as evidenced by the
wealth of our country and avsténdard of living ﬁhich is the.highest-iﬂ
the world.:But, up until now the phrasev"for the benefit of mankind" was
interpreted essentially from the &iew?oint of the economic pfoductionlof
the product»itsélf with-avminimum of éﬁtention towards pollﬁtion of the
atmosphefe; water systems and the countryside and towards the problems
arising[én-disposé;,df;d;$carded products.  Obviously,'these approaches
were estabiighgd;whenfsuch“problems“ﬁére ;ot éritical, whén.the population
density was low.. With our population explosion, however, this is no |
lénger the case. Thus, it is inevitable thatvduring the NEXT DECADE more
aftenfion will be paid to this areé which will undoubtedly lead to ééﬁe

modifications of processing and design of materials and products.

Noﬁ,_let us look;atﬂa‘few spegific-éipécted develbpmenﬁéJ&nlthe
character of ceramic materials in terms of sffuctural a?piidationé;l'lﬁ'
thié vein fhere is more interest in'oxide'materials, e.g. Al1,03, MgO, ‘
Eeo; MgAIZOq, aﬁd stabilized ZrOz, WhichApotehtiall& are most interestiﬁé

because of their greater resistance to hostile environments. There are,




however; applications fér éarbides, borides andvgraphite because . they are
normally Stroﬂéer and-maintain their streﬁgth, in some cases, as high aé
2500°C. But, in all céses, it is»necéssary to combat the main undesirable
characteristics of Brittlenesé_and poor toughness or shock resistance,
bOﬁh meéhanical”andvthermal. These characteristics are associated‘with
relatively easy crack nucleation and crack propagation. Possible solu-
tions ‘or ways'of miﬁimizing crack nﬁcleation are increasing the stfength
and-reduding'non—uniformity'or flaws that act AS "stress raisers" dr

that alreédy are crackvﬁuclei. Crack propagation cah be'minimized by
development.of energy dissipating or absorbing features of‘character.‘

The question then.ariseé-as to what featgres'of character are criticél
~in conﬁrolling strength; Experiments ﬁa&e indicated that strengﬁh in-
-cfeases ﬁith an increase in,dehsity‘or deérease in porosity, e.g. as .
shown in Fig. 5 for Al,03 bodiés.at room temperature and 750°C.h -Experi-
ments also show that stréngth normally increases Qith decrease in grain
'size..jit is;£he?{idgiéai £;~conclude thaﬂ é.@esifable qharacterdwould
be one éf tﬁeoreﬁical density and fine grain size. Two examples of micro-
structures of poliéhed 99+% MgO specimens are shown in Fig. 6.? The one
on the ieft'had a higher compresgiye strength. VTh; s£ate—of5the—art in
sintering is such that.the usual cérémic body is opaéue pecause it
»generqllj héé'é-minimum of about 2-3% porosity, as seen.on the right side
of.thevfiguré; If theoreticél density is.;chievedvas it was for the -
specimen on thé left by a special ﬂoﬁ—bﬁessing techniéue, transparency
;resﬁlts sincé MgO.cfystais are.isotropic; the microstructure is then
:similar to that for a metal.. In looking‘at the twovphotomicrogrépﬁss

~ however, there is no visible difference in the grain boUndariés; But,

&
.



electron.spaﬁning microscope examinations of fractured ‘surfaces (Fig. 7)
do show“differences; The one on the left. of the_transpareht piece shows
essentially an intergranﬁlar fraéture, Qhereas the'ohe_éf the Oﬁaque.piece
on the right is largely transgranular in nature suggesting stronger grain.
boundaries. The specimen on the right shows ductilify as low as 8oo°c
whereas tﬁe one of the left does not until 1200°C Eeéause of dis$ipation
of energy at weaker grain boundaries.6 itvwould be expectedbalso that the
strength bf the theoretically dense speci@en would be higher at rooﬁ.
temferature with stronger gréin b0undafies. Strong‘grain boundaries
must thus be added as é desired'éharacter feature; Preéence of impurities
and non—uniformity of micrbstructure‘features are éonsidered to be con-
tridbuting factors to an overall weakening of grain:boundaries résuliing
in poor .resistance to crack nucleation. Considerable interest now»exiéts
in develbpipg processing techhiqueé for the pfeparation of synthetic rew _
v matefialé. The Objectivesjinclude the control of purity, mixing on an
atomic levei,_andvthe phyéiéal nature of the sfarting materials. Such
techpiqueébas freeze-drying and coprecipitation are currenply‘of great
interest, It is expécted, therefore,‘that in the NEXT DECADE many un-—
usual prpcessing techniqueé and procedures will be explored and'developed‘
to achiéve.ceramic ﬁateriéls with the desiréd character of theoretical
density,.smail uniform grain size, and strong grain boundarieéf

It is also evident that the electron séanning microscope is an’
éxtraordinary‘instrume@t.for observing characteristics of microstructufes
of cerémié materials. Thié microscope’sﬁpuld cbntribgte more to the"
éharactefization of ceramic materials.fhan any other typéﬂof"miéfoscdpe

‘that has been available to date. It is.predicted that in the NEXT DECADE



the electren scanningvmieroscope will pley as eignifieant a role in the
development ef eeramie‘ecience asthe.metallographic microseepe did in
the development of pnysicel metallurgy many years ago.

d:The prpnlem of understanding and controlling‘craCK propagation is
considerably more complex. Tne character of the materialbmuet provide
some energy absorbing feature that will tend to dissipate the energy of
the'propagating crack and thus blunt its growth. The presence of such
a feature maf also deley or retard the appearance of a crack nucleus. A
unifo}m,_stable iow energy structure of a single phase principally ionic
type of eefemic material is inhefently brittie because of the abeence
of such character features. To date, the mdst promising apnroeches have
been those of cqmposites er_unusual‘microstrucfures which ere thermo-
dynamically unstable; Theee structures are potentially effective because
a propagafing crack can be blunted by the ductile metallic phase of a
eomposite, if present; or can branch and dissipate its energy‘by travel-
‘long alqng the interfaces between the cemposite phaees.

Successful composites ha&e been nade with metal and organic matrices
using ceremic fibers, e.g. Al203 ZrO2, 8i0,2, SiC; These have been sue—
cessful.neceuse of the highef sfrength and stiffnees of the fiber rela-
tive to the matrix. _Work on development of ceramic fibers sheuld.thus
continue. At present; howeVer, there is no etate—of;theQert in the erea
of ceranic matrix cemposites because of the lesser stiffness of mefallic'
.and pelymer fibers. .A promising appfeech hes been the use of ceramic
_fibersvin a cefamic matrix, e.g. C in. C and Zr0, inerOZ, as a means of
gaining strength. Neverfhelees, there is still interest in cdmpdsitee

with metallic fibers or whiskers because of the possibility of gaining
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some structural integrity or tbughness through the develbpment of pseudo-
ductility, i;e. prévention of complete failure upon the éppearance'of
cracks. .Sinée at present it'apéears to be the only possible way to
achieve shock resistance, the WEXT DECADE will see activity in .these
types of compqsites. As a resﬁlt, a state-of-the-art should develop in
composites ﬁith ceramic matrices. Unusual processing techniques wiil
also be exblored in én effort to obtain unusual and thermodyhaﬁically
unstable microstructures which may proviae energy—dissipéting featurés;
these willvbe largely exploratory in nature.

" In summary, the following téechnological forecésts‘relaﬁing to ceramic
materials are made for the NEXT DECADE:

1. Improved and more reliable ceramic materials because of exten-
sive proCessing siudies, résulting in their emergence as acceptéd engineer-
ing materials because of greater confidence on the part of designers and
engineers.

2. Subétantial progressvtowards thé establishment of a science of
cerémic processiqg wbichjwill enable the development and control ofv
desired char;étérs.~

3. _Syétems analyéis approach to materials seieétion based on
cﬁaraéfér as the core, and the establishmenﬁ of the character of materials
as a meéns of communication between the preducers and users of materials.

h; Greé&er‘cﬁncern over pollution proﬁlems will Be a faétor in
modifying productioﬁ procedures. | |

5. Considerable progress toward rgalizing'theoretically dense
ceramic maferialé with very fine uﬁiform’grain size and strong grain

boundaries resulting in stronger and more reliable ceramic materials, and
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: iﬂ'materials with'greatef.optical transmissioﬁ capabilities.

6,'llmproved characterization of ceramic materials, particularly
because of ‘the availability of the electron scanniné microscope.

T. Dévelopment of a state-of-the-art in composites:with ceramic
vmatrices reéulting in reliable materials with greater structural”integrity
and tqughnéss, and thus mechanical and thermal shock resistance;

v8.. The continued improvement of the technology of composites
ﬁtilizing ceramic fibers or whiskers.

9. 'Exploratory Studies on tﬁe achievement of unusual and thermo-
‘dynamically unstable microstructures'designed to increase resistance to

crack propagation.
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respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any informatiori,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B.. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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