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INTRODUCTI O N

The ce ra mi c craft an d cera mic ind ustry have an im age of co nservative devotio n to
tr aditiona l ways tha t even tod ay may bring into ques tion the premise o f the subject I'm
here to d iscu ss. ~Ve may ask: is it true tha t ceram ics has become a science-bas ed
ind ustry ? I take Ill Y depa rture from a vis it some twenty years Zl gO to a Jap anese national
treasure potter w ho used tradi tio nal raw mat eri a ls, t rad itiona l fo rmi ng meth ods and an
a rch ai c hil l climb ing ki ln to prod uce wond erfu l object s of class ic Japanese d esign .
During m y visi t I was su rp rised to see unobtr usi ve th ermoco u p le instrumen ta tion for
hi s w ood -fired kiln as well as a modern elec tr ic ki ln used for g laze tests. Fro m m y
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observa tions and from archaeological studies of prehistoric ceram ic cha ng e'!', I believe
tha t the best craftspeople have always taken up and used whatever tools science and
technology were able to provide for improv ed performance of thei r cra ft. The cera mic
industry has always been as science-based as circums tances wou ld permi t.

Und erstanding and applicat ion of scientific data and principles has become cen tral
to the practice of ceramic engineering . Ceramics provides a wo nd erful field within which
to th ink abo ut technical innovation. The first ceramics were made some 25,000 years ago
as ritual objects. By 7000 BC there was extensive manufacture of architectu ral plaster, an
important inn ovat ion in which the very nature of a mater ial was tran sformed by the
ap plication of fire. By 6500 BC or so, at the time pe rmanent settlements and an ag ricultural
econo mic base were becoming established, widespread manufac ture of pottery was
common and has remained so eve r since. By abo ut 6000 BC, essentia lly all the techniques
of incised decoration, slip coatings, model ing and mold ing, raw material purification and
other clay wo rking technologies had been developed with the exception of the potter 's
wheel wh ich came into use with the growth of urban centers about 3500 BC'" .

The development of western science is much more recent than the development of
cerami cs. Inseminated by Greek phil osophers puzzling about the natu re of the wo rld,
nurtured by Islam ic de velopment of experimental observations of an astronomical and an
alchemical natu re, modern science took root and began to grow in the ferti le culture of
Renaissance Italy. The Italian Renaissan ce that created the culture appropriate for
nu rturing the develop ment of science took root in the thirteenth and fourteenth century
economv, Venice, Genoa and othe r Italian cities controlled the trade and redi stribution of
commodities in the Medi terranean and had wide sp read outposts and mercha nt colonies.
At the same time there was a transfer of power from the feudal countryside to the urban
com mune . Govern ment and econo mic policies increasingly crea ted m iddle class
commercial success. Merchants were involved in international finan ce with bank bran ches
in France, Burgundy and Engla nd. Commerce, marketing and specialized manufacture
developed extensively. There was a boo ming cloth industry in Florence. Milan had more
than 100 worksho ps producing armor. There was ship building in Genoa and Venice. An
efflorescence of arts, crafts and science began in th is period of socia l transformation'" .

By the end of the fifteenth century when science was in its in fancy there was a
glorious production of outstanding ceramics. Luca Della Robb ia'" developed tin glazed
ceram ic sculptu res (Fig. 1). Wond erful maiolica tile was being produced (Figure 2) and
magnificent maiolica pottery produced in the ea rly sixteen th century (Fig. 3). It is not
surp rising that one of the ea rliest publ icati ons th at can be properl y described as ceram ic
science was the 1557 wo rk of Cipriano Piccolpasso, Three Books oU he Potters Art'5I .

Perhap s we should pause here and precise what we shall mean by "science" which
is most simply defined as organized knowledge. In our view, science has th ree different
faces: science is discovery and description; science is explanation; science is a way of
thinking . In its first mod e science is a search for structure, for d iscovery and description
of ways of find ing or organizing a rational arrangement of individual com ponents of
knowledge, a structure of th ings and groups of thin gs; stru cture of processes and groups

II ). ScHIFFER, M ICl I.-\[ L B., Tecimotogicot Pt7'~Pl'C t il 't':' " ff Behavioral 0"1/I,<;;t', Unive rsit y o f Arizo na Press, Tucso n (1992).
(2). KINGERY, W.O ., and Va ndive r, r .B., CeramicMa~ tt7J-lit"Ces, Free Press, New York (1986 ).
131. GOLDTH\"AITF, RICHARD A., "The Emp ire o f Things: Consu mer Demand in Renai ssance Italy", p p . 153-175 in Patronoee, Ar t

and Societv ill Rt'''a i~sall(e It al ll. F.\V. Ken t and r.Simons, ed. , Oxford , Claren don Press, (1987).
I·n KI"'iCERY, ""'.D., .-\"\ D ARO"":SOr-.:, M; "The Glazes of Luca Della Robbie." Faenza. 42 (3). 221-22..1, (1990).
15]. PI<T OU',\SSO, C U'RI..\ , O. TIm'/! Books of tiic Potter '« A rt. 1558, Tran slated and introd u ced by Rona ld Vitbon e and Allen Caiger

Sm ith. Scholar Pres s. Lon d on, (1980).
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of processes. Science is also a search for operational principles!' ] explaining how things
and processes work, An operational principle explains how the parts of a d evice or
structu re or process fit tog ether and work together to ach ieve a given result. Finally,
science is an organi zed wa y of thinking that requires defining questions about things
and processes and operational principles in such a wa y that one can formulate
conjectures or hypotheses that are sub ject to testing by experiment or ex perience,

fig . I. Luca Od in Rollbia dl'l'e/oped till oxide {l1Ia(~fit'd sll1:e:,
for -cuuvumt ceramics in FltJrt'IlCl' dllrillg NIt' latta 15th Ccnturu .

fig . 2. Cl l';"11II1.fl110r tile nuuir hi Pt':'l1ro dur ill S:
1492-1494. Pt1tlr/y milled colnr:; IIll1i Il1l1lly s min..;, ( ~f

:'111111 indicate rat/fa casual 11lI1lw(atf/lre. (Vichm'a
Il l/d Alba t At /{~ t'lIm , Dcpurtmvnt of Ccrmnic«:
Y('prod /lced hi pt 'mlj~~ ioll (~f til l' Trlb/t 'l':' of the

Victorinand A/bat :Vl l1.";I' II I1I) .

fig. 3. Pa:'t'lI ~ Il l/Ii A ndro meda pll11t'madt' III 152-1/7.11
Nicola cia II rl'i/w .(l'r b abella Ii' Estc. fCollf f e:-y tU' f li t'

Ho"hm A1 11" CIl I1l ( ~rArt! .
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CERAMICS UNDER SCIENTIFIC SCRUTINY

CASTELL61': (SPAll':)

At th e beginnings of the six teenth cen tury and th e beginning s o f scie nce,
natural philosophers were assemb ling and organizing data in suc h a way th at a
ra tiona l s tructu re co u ld be d eveloped fo r a variety o f things and processes . The craft
of ce ra m ic manufacture had achieved, a fte r 8000 yea rs, a su bs ta n tia l level of
so p h is tica tio n . With th e new social em p h as is on material cu ltu re th e cra ft of
ce ram ics began to be probed and dissected (as did mining, m etallu rgy, an d g lass
making ). Made thing s as well as natural things, d evised p ro ce sses as w ell as natural
processes, ca rne unde r sc ien tific sc ru t iny. The first evi dence of this is Piccol passo 's
1557 book, The Three Books of the Potter 's Art, in which he d esc ribed th e material s
used and processes em p loyed, opening th e cera m ic craft to th e light o f ou ts ide
observa t io n.

A sign ificant event in Eu rope an ceramics was the development of Medici porcelain in
1575171• Grand Duke Francesco I de Medi ci, son of Cosimo I, became rege nt of Tuscan y in
1564. He wa s quiet and withd raw n, often melancholy and freque ntly retreated to a
laboratory whe re he carried out exper iments with alch em y an d melting natural crystals. He
initiated il program that required ten yea rs of effort acco rd ing to Andrea Gussoni, the
Venetian ambassador to Florence. It was finally success ful in making something equiva lent
to "Indian porcelain" (Fig. 4). We don't know details of the development p rogram but it
seems su re that this is an ea rly example of a scientific way of thinking involvin g conjectures
and experiment in the sea rch for a successful process. In the event, firing of this product in
available kiln s was a very cha ncy operation and manufactu re ceased in 1587 following the
death of Grand Duke Francesco.

We ha ve less informa tion about the successfu l subseque nt development of French
so ftpaste porcelain at 51. Cloud abo u t 1695 but there is no ev idence of scien tific
procedures.

Thi s sa me situa tion w ith ceramics being the subject of scientific investigation
occu rred most of the time in most places during most of the eigh teenth centu ry. Wh en
sa mp les of the raw materi als used to manufacture Ch inese porcelain we re se nt hom e to
Fran ce by Perl' d'Entrecolle in 1712 and in 1722 they were given to R.A.F. Reaumur, a
leading che mist, for ana lys is. He concluded that one of the cons titue nts, kaoling , was
refrac tory and infusibl e w hile the other, petuntse, w as fusible; that a mixture of the two was
critical. When a porcelain facto ry at Vincen nes was taken ove r by the crown to become the
Royal Manufactory and tran sferred to Sevres in 1745 ano the r che mist, jean Hellot, director
of the French Royal Acad em y, was put in cha rge of determining and recording the sec rets
of porcelain manufactu re!", Hellot subsequently be cam e the first technical director of the
Manufactu re Royal de Cerarnique de Sevres. Pierre Joseph Macquer published Element s de
Chymie Theoretioue in 1749 which includes che mical descriptions of pottery and porcelain
as did his Dictionaire de Chipnie of 1766. Ind eed , traces of the sa me role of science as a
describer of ceramic materi als and processes ilppea r in Alexander Bron gn iart' s treatise
Traite des Artes Ccramique published in 1844. In the description of milny p roducts and
processes very di fferent one from an other, Brongniart a ttempted to "class ify the m in a
rational manner"!",

Francis Bacon, the seventeenth century apologist fo r the new science, proposed in

171. K"URY, w.D. A"\J rJ S\Hl Il D . "The Development of European Soft-Paste (Pn t} Porcelain": pp. 273-92 in Ceramicsami Cipi f;:::nf ioll
f: Ancient Tj'cJ/lw/o:(1I to A1vdcnl Science. Ed ited by \'1/. D. Kinge ry. The American Ceram ic SOCiety, Colu mbus , O H (1985).

181. B ROl\,(; l\,I,\ RI, A L.EX, Traite dee Arts Ccramiquee. secon d ed ., Pa rts. 1854. (Pg. xiv, Vo lum e I) .
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his NO<'lII ll OrSal101l (1620) that the essence o f the ind uctive meth od was the collection of
facts by ex pe riment and ob servat ion. Th e emphasis of natural philoso phy w as to be
obse rvat ion rat her than abst ract a rgu me nta tion as indicated in the motto of the Royal
Society of London, N ullus i ll <'a ba. Th is was the early rela tionship o f science to ceramics
- the collectio n an d orga nization of facts ab out the structu res an d processes of the cera mic
cra fts; and th is approach continued on through to the middle of the nineteenth cent ury
and beyond . Thi s a tt itud e that the gathe ring of fac ts and experimenta tio n is the basis for
process development and control came to perm eat e the p ractitione rs of ceram ics as
ev ide nced by the ap poi ntment o f a se ries o f chemists as d irectors of the Manufacture
Royal de Cerarnique at Sevres.

Fig. -I. Aft-diet 1'1Irct'lllilt 'l{li l/t' dllft'd 1581 aud I'l'arin,\: til!'
r".tII1/ I1rm::. t~f Phillip 11 t ~f Svnin. (Ctll"ft':'o.l/l~f tilt' :\J 1I ~l 'l ' de Ceramilit' , St'l:'Yt':' . Frances.

EURO PEAN PORCELAI N

O rien tal porcelain wa s imported to Eu rope from the twelfth ce ntu ry onwa rd and
there we re substan tial quantiti es co ming into Egypt, Sy ria and Tu rkey by the fourteenth
and fifteenth cen tu ries . Beginni ng in the sixteenth cent u ry, the Portuguese and th en the
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English and the Dutch brought massive amounts of hard white tr an slucent porcelain to
Europe wh ich led to a var iety of more o r less suc cessfu l efforts to duplicat e thi s
material.

Success in th is effort resulted from a purposeful program es ta blishe d at Meissen
in 1705 by Co u n t Erinfeld Walther von Tschirnhaus for Augustus th e Strong, Mon arch
of Saxony and Poland. The political mode l of Louis XIV as to th e divine rights of
kings, the cen traliza tion of govern ment, central contro l of econom ic and financi al
ac tiv ities, th e encou ragemen t and su p port of com merce and industry, ex p loita tion of
natural resou rces and new man ufactures w as the model being foll owed in Saxony.
Me rca n tile objectives and a pos iti ve balance of tr ade were particularly important
since Sax ony was m ostly an are a of ra w materia l p rodu cti on with but little
manufacture. Porcelain science was spec ia lly interesting since Augustu s the Strong
was an obsessive collecto r of Oriental porcelain, substantially depletin g th e na tional
trea sury with hi s purchases.

A critical pa rticipan t in this endeavor was Count von Tschirnhaus, who had studied
mathematics and physics at Leiden . During 1674-1680 he went on an extended scientific tour
of Europe carry ing out numerous experiments on materi als behavior using high
temperatu res achieved by focusing sunlight in a solar furnace, research su fficiently well
known and appreciated that he was made a member of the French Royal Acad emy. Dr. Martin
Lister described seeing a burning glass more than 3 feet in diameter in Paris in 1698 simi lar to
ones used by Tschimhaus (Fig. 5). von Tschirnhaus car ried out studies of Saxon mineral
resources in collaboration with mining superintendent Pabst von Ohain which resulted in
establishment of three glass houses together with the grinding and polishing equipment
necessary to produce burning lenses. With these he achieved higher temperatures than had
previou sly been attained and carri ed out expe riments aimed at porcelain development. He
wrote to his math ematical friend Liebnitz in 1694 that he had "no more than a litt le piece of
arti ficial porcelain". He rep orted to the Fren ch Academy of Science in 1699 on researches
establishing that pu re sand an d lime are separately infusible, but can be melted in a solar
furn ace when combined together. The lowest melting temperature of a lime-sand mixtu re is
1436° C, so the burning-glass furnace must ha ve achieved at least this temperature. In order
to un derstand production meth od s better von Tschimhau s visited ceramic factories at St.
Cloud and Delft in 1701.

The principal researcher, Johann Fried rich Bottger had been assista nt to a we ll
kn own apo thecary in Berlin where he claimed to ha ve tran sformed mercu ry into go ld. In
1707 Paul Wildenstein, a Freiberg miner working in the labo ra tory recalled !'?'.

.. ...Herr von Tzschirnhau ssen, too, was giving instructions, an d they
began to research . Among other things, specimens of red p rocelain
were mad e, as well as white. Kohler and I had to stand nearl v everv
d ay by th e large burning-glass to test the minerals. There, I r~ ined my
eyes, so that I now can perceive very little at a distance.

On January 24,1710, Aug ustus anno unced to th e world the foundat ion of European
porcelain manufacture and sa mples were exh ibited at the Leipzig Easter Fair th at year.

[9). KI'JGER'f; w.o.. "The Deve lop me nt of European Porce lain " ; pp. 153-180 in Ceramics and Cioilizat iou IJ/: Higil-Tecllllology
Ceramics Past, Present and Future Ed ited by W.O. Kinge ry, The American Ceamic Soci et y. Inc . wes te rv ille. O H, (1986).

lI D) . G ODER, \V ILU, K LAUS HOFF~IA !'\. h e El ORE M Er-.ZH1\,LSEi':, E BER\I.:'" :">JEliBFRT, W ERl'\EI{ P Ril L, FK EDERICII R IRCH EL, W OLFGA:\ G

Sc-HULLE, R m T So)J'J E~t\'J 'J , E BERHARD \V "CHTU R, H .\ " ES W ALTER, O rFRIED W ,o\GE'iBRFfH, B()TTCF R: O il' Erfi lJd llllg des
Europaiscuen Porzettane. \v. Kolh ammer. Stuttgard. 1982; Fre nch trans lation, l\ feissell, La Decouverte de La porcelaineEuropeenne
en Saxe. Pygmalion , Gerard watelet. Paris, ( 984).
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fig. 5. "Burn ing gI0';;5 " :-; I,/ar iunmcc ( ~f l lle typL' 1I5ed ill A1l'i~5ell porcelain re5t'll rch .

Perl' D' En trecoll es wrote letters in 1712 a nd 1722 abo ut Ch inese m eth od s of
produ ct io n a nd sa mp les of Ch inese ra w m a teri a ls . The fam ous che m is t Rene d e
Rca u mu r a na ly zed th e se and found th at " kao lin g " w as in fus ib le w h ile " pc tu ntse"
fu se d rea d ily. He conc lude d tha t Ch inese porcel ain con si sted o f a m ixture of a n
in fu s ibl e ea rt h w ith a fus ib le const itue n t, a sc ie n t ific ex p la n a t io n d e mon strated
af te r the sam e co ns id eratio ns were actu ally p rod uc ing w a re . Rea u mu r became
inte res ted in porce la in an d in ve n te d a way of ta kin g o rd ina ry g lass objects ,
pa ckin g th em in a powd e r o f ca lc im ined gyp su m an d quartz , wh ich mai n tai ne d
th e sh a pe of the wa re w hen it was fired in a n o rd inary po tte ry kiln . The g las s
cr ys ta ll ize d to a for m that h as been referred to as Reaum u r porcel ain , a " fib ro u s
g lass".

In 1746 the po rcel a in facto ry at the Vin cen nes w as ta ken ove r by th e crow n
to be come a Rova l m a n u factorv a n d tra nsfe r red to Sevres . A chem ist, Je an He llo t,, ~

d irect or of the Fren ch Roy al Academy was put in cha rge o f determi n ing the na ture
an d recordin g the se cret s of p o rcela in m anufacture . He wen t on to beco me th e fir s t
te chni cal di rector of the Manu facture Roy a le d e Cera rn iq ue d e Se v res . Th e mos t
po p u lar Euro pea n che m is t ry te xt in the e ig h teen th ce n tu ry was w ritt en by Pierre
Joseph Macquer in 1749, wi de ly used an d tra nsl a te d into Eng lish . Macqu e r
beca me the second tec h n ica l d irec to r of the Manu fac ture Royale de Ce ra m ique de
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Sevre s a nd it w as he who d eveloped th e manufacture o f hard porcel ain. Another
we ll known che m is t Jean D' Arcet w as technical director at Se v res from 1782 to
1793. He carried out numerous ex perimen ts on high tempera ture chem is try a nd
investigated e namel colo rs for porcel ain . In Ge rm an y it wa s mu ch the sa me
situa t io n. Fred erick the Grea t brought Eul er, th e Sw iss mathematician to Berlin to
re vive the Royal Prussian Academy of Sciences. Frederick was als o in strumental
in e ncou rag ing the chem is t Johann Heidrich Pott to ca r ry o u t lengthy hi gh
temperatu re exper iments a t the Berlin Porcelain Works. In 1762 at the end of th e
Se ven Years War, Frederick o ccupie d Dresden and brou ght back mod el s, molds
a nd workers to estab lish th e Roy al Porcel ain Fa ct ory in Berlin. Andrea s Sei gfried
Marg raf, a well-known chemist and director of th e Berlin Acad em y since 1754 w as
a consultant th ere as was his successo r a nd leading chem is t o f hi s d ay, Martin
Heinri ch Klaproth .

In Engla nd th e leading ceramic inno vator was Josi ah Wed gwood , who was
a member o f the Royal Academ y, a close fri end of th e chem is t John Priestl y as
we ll as James Watt, Matthew Boulton, Erasm us Darwin and o the rs . Wedgwood
ca rr ie d out e xte ns ive ex perimen ts in d e vel oping a reprodu cible althou gh hi ghly
nonlinear p y rometer fo r hi gh temperature measu rements . Hi s in strument became
a s ta nd a rd by th e e nd o f th e century. Wedgwood was su fficie n t ly interested in
che m is try that he manufactured a line of mortars a nd che m ica l vessel s mad e from
a hard s to new are . Another chem is t, Fougerou x d e Boudano y reported to th e
Roya l Academy in 1776 a co m p re hens ive view o f the sc ie nce o f porcelain m a k in g
w h ich was co nfirmed b y quite modern materi als sc ie nce model e xperimen ts
using fu sible borax as a co ns tituen t for a lo w temperature porcelain. By the e nd
o f th e ce n tu ry th e so ft paste porcel ain of Fran ce was replaced by hard past e, th e
materi al of cho ice fo r th e co n ti nen t. In En gl and in ad d it io n to tradition ally
w h ite wa res, bone ch ina w as being manu factured , es ta b lish ing the prin ciple
classes of w h itewa re p rodu ction whi ch a re s t ill made to thi s d a y. At th e
beginning o f the ce n tu ry, w h iteware manufacture was se e n as a sou rce of
challe ng ing problem s fo r chem is ts . In a ve ry real se nse by th e e nd o f th e
eigh teen th ce n tu ry ce ra m ics w as vie wed with a n e n tire ly differen t mind se t a s a
produ ct o f che m ica l science .

HERMANN AUGUST SEGER

The gene ra l principles of classical inorgan ic che m istry mo st ly came ou t of
ex pe riments with gases over two decades or so following Lavoisie r ' s law o f th e
conse rva tion of m atter (l 790). Th eir d ev el opment in a form capa b le of exp lain ing th e
opera tiona l principles of ce ram ic sys tems required mo st of th e following century. In
the meantime, analyti cal techniques were well d ev eloped and hundred s of process
des criptions and chem ica l analyses of ce ramic materials and products were widely
av a ilable th ro ug h texts such as Porter, Brongniart, and Sal vatet, a tradition foll owed
by Al fred B. Searle 's translation of Em il Boury' s " Treatise 01 1 Ceramic ind ustries" in
1901.

Un til th e latter part of th e nineteenth century (w ith a notable ex ce p tio n in
Josi ah Wedg wood ) sc ie nce related to ce ra m ic manufacture w as restrict ed to ro yal
porcel ain manufactories, to top o f the line hi gh value add ed wares . In 1760
Wedgwood a tte m p te d to form an org a n iza ti o n of th e Sta ffo rdsh ire potters who
wo u ld jointly s u p po r t research ac tiv itie s o f common interest. This proposal ca m e
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to naug h t in disp utat ions about cos t s ha ri ng. It w as more than 100 yea rs un til a
new social orga n iza t ion fo r s u p p o r t ing ceram ic research ca me in to be ing in
Ge rm a n y as part o f a wi despread s ta te -i nd ust ry -u nive rs ity p ar tn ers hip . Germa n
uni versities had a s trong trad ition of re se a rch and an eq ually s t ro ng tradition o f
tr aining I'h .D.' s fo r posit io ns in ind ustry. To this sy ne rg is t ic rel a ti on sh ip betwee n
uni versi tv a nd in du strv, th e uni fication of Ge rma n v und er Bismarck' s Pru ssi an
leade rship add ed an expa nsion is t nationalist fervZ,r that a ffect ed a ll field s o f
e nd eav o r. T h e re wa s s ta te s u p p o r t of rap id industrial growth . Un ive rs ity
program s were promoted to produ ce th e scientists and enginee rs need ed for
industry. T he g row th o f che m ica l m anufacturing a nd che m ist ry in th e universitie s
was pa rti cul arl y notable . In addition to produ cing s tu den ts , the re w as acti ve
faculty pa rt ic ipat io n in ne w technical e n te rp rises w h ich w as bo th ex pected a nd
encou raged. In 1869, A lb rech t Kons tan tin Tlirrsch mi ed t es tab lished a la bora to ry
associa ted with th e "Ge rm a n Po tt e r a nd Br ickm a ker Newspa per" wh ich w as
joi ned by He rman n A ugus t Sege r, t rained in chem ist ry. Indu s tr ia l sc ientific
research w as m ostl y pu b lishe d in th e b u llet in of the De u tsch Society for
Fabrication o f Bricks, Cl ayware, Lim e a nd Ceme n t. In h is fi rs t p ub licat io n, rather
th a n chemical an a ly s is, Segar emphasized the necess ity of stud ying the ph ysi ca l
p ropert ie s of clay, its struc ture, pl a stici ty, wa te r abso rp tion, dry ing a nd burning ,
s h r in kage. Frie d rich Ho ffm an n had a position as sta te architec t an d it was la rgel y
beca use of hi s invention o f th e co n tin uo us multi -cham ber ki ln and the
introdu cti on o f mach in ery fo r produ ction o f bricks a n d terra cot ta on a la rg e scal e
that Se ger became manager of hi s labo ra to ry and editor o f th e Ge rm a n Clay and
Brickm akin g Ne ws le t te r a n d the Bu lletin of th e Ge rma n Soc iety fo r the
Fabr ica t io n of Bricks, C lavware, Lime a n d Cemen t. O ne o f hi s ca r lv s u cces s' was
an investigat ion of the chem is t ry of oxidiz ing a nd redu cing fires 'o n brick clays
co n ta in ing lime a nd su lfates. Th ese s tu d ies a re sti ll a p plicab le to ti le bodies. Seger
no t only s tu d ied the chem ist ry bu t al so d e vel oped me th od s of gas analysis
su itab le for industry a nd v is ited manufactu ri ng p la nt s to advise on fi ring brick s
in continuous kilns a t the req uest of Ho ffm ann . In the laboratory his as socia te Dr.
Aron carried o ut a long se r ies of fu ndamental s tudies of plasti city, s h rin kage a nd
other p ro pe r t ies of clay bodies incl u d ing th e influence of pa r t icle form a nd non
plastic ing re d ien ts.

In a note on the che m ical co nsti tu tion o f clays':" Seger co m men ts on the
co ntrad iction between scie n tific che m ica l a na lyses a nd practi cal observa tions a nd
illu strates it w ith ex pe riments mad e a t Sev res and repor ted by Brongn iart on e fforts
to prod uce h a rd Ch ine se porce la in . Th e co ns tit uents were mi xed in the p roper
chemica l propor tio ns bu t a wh ite ena mel w as p ro duced instead of porcelain. Th is
led Seger to p ropose a me thod of rationnl tlIltllysi s in wh ich clay is looked upon as a
mi xture of quartz g rain, unweathered m ineral frag ments, mostly feld spar, and the
weathered product. cla y substance, which is fo r th e most pa r t a silica te o f al u mina
containing w ater. Porcelain bodies are mostly composed of quartz, fe ld spa r and
kaolin . From th e alkali co nte n t, the fe ldspar cont ent can be d etermined . From th e
res id ual alumina content kao lin can be determined, leaving qua rtz as the residual
SiO,. The mi ndse t of t ransfo rming che m ica l analyses in to ra t iona l mi neralogi ca l
co m pos it io ns is s till e m p loyed by ceram ic engineers. It was Seger w ho introd u ced
the id ea of eq u ivale n t fo rm ul ae fo r glazes and bod ies . In th is no me nclatu re the
a lka li a nd a lka line earth co nten t (RO) , the in termedia te neutral co ntent (Roll.) an d
th e siliceous co n te n t (RO,j o f a gla ze a re co m pa red on th e basi s o f one equ ivale nt o f

[l l]. SF(;FR, I I.A., Cl,I!l'(N d \\'riti IlS, Arnenc.in Ceram ic Stl(-it' ly an d Chern. Publ. (\1 .• \902 (Vol. L P..lg l' ·til.
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RO. This rear rangement of th e ra w analys is in to func tiona l eq u iva len ts p rov ided a
means of co mpa ring composition s of immediat e usc to ce ra m ic engi nee rs and is still
co m mo n prac tice. Seger develo ped a se ries of co mpos itions of increasi ng
infusab ility formed in to the shape of pyrom etri c co nes wh ich cou ld be pl aced in th e
kiln and the ir mel ting be hav io r ob served . The se Seger cone s whi ch measure a
co mbina tio n of time and tem peratu re are still widely emp loyed in the ceram ic
ind ustry.

The publ ica tio ns co m m ittee of the A me rica n Ce ram ic Socie ty (Ed wa rd C.
Stove r, Herbe rt A. Whee ler, Sta n ley G. Be rt, Edwa rd Wharto n Jr. ) w ho a rra nged
for th e tran s lati on of Sege r's co llec te d writing ed i te d by A lbert Bleininge r
refl ected the contem porary and h is torical v iew th a t " Dr. Seger was the p io neer
w ho first bla zed the way, a long w hich a ll m ust t rave l. .. who hope to convert it
[cera m ics] from a n empirical han d icraft in to a systematic an d sc ientifi c
ind ustry '"! " ,

EARLY TW ENTI ETH CENTURY SOCIAL AND SCIENCE CO NSTRUCTS
(PRIOR TO WWII)

Cera mic ed uca tion at th e uni versity leve l incl ud ing che m ist ry and physics
be gan at th e Un ive rs ity of Berlin in 1870, in England with cla sses at the Unive rs ity
of Manches ter in 1884, in France in 1893 at th e Ma nufa cture Nat iona l de Sevres and
in the Uni ted Sta tes in 1894 a t Ohio Sta te Unive rsi ty. The program at Ohi o State
was initi at ed by Edwa rd O rton, Jr. with th e su pport of th e O hio Brick and Dra in
Tile Associat io n and the a tiona l Brick Manufactu res Associat ion who pressu red
the legi sla ture to require that such a prog ram be initia ted . Thi s im portant ro le of
indust ry was a lso apparent in Germany, England and France. In th e United States
the re we re five universi ty programs in cera mic eng inee ring establ ished by 1906
and another nine by 1930, very smal l po tat oes in the overall ed u ca tio na l
estab lish ment. Univers ally the fac u lty of these insti tuti ons encouraged th ei r
studen ts to regard the ceramic ind ust ry as a sys te matic and science-based in d ust ry.
Following the lead in Ge rma ny, th e American Ce rami c Societ y was o rganized in
1898 and th e Eng lish Cera mic Socie ty in 1900. Twent y of th e twenty -tw o org an ize rs
o f th e A meri ca n Ce ra mic Soc iety we re fro m industry. Ind us try domina ted the
ce ramic engineer ing profession and the foc u s o f cera mic research wa s en tire ly on
practical manu factu reo In a ra ndom ly selecte d yea r, 1923, ev e ry o ne of th e pa pers
published in th e Jo urnal of the Ame rica n Cera m ic Soc ie ty was di rec tly rela ted to
ind ustry p rob lems. At the same time, without exce ption, th e in d ustry and its
enginee rs were hopeful fo r th e deve lo pment of a fu lly systemat ic science-based
ind ust ry.

The h is torian Thomas 1'. Hughes "Americall C<,II<'s is"I'" d escribed 1870-1970 as
the "e ra o f techno logica l enthu s iasm" in the United States. New inven tio ns w ith
regard to te legraphic and te lephon ic co mm unica tio ns, with regard to e lectric
illuminatio n sys te ms, the app lications of elec trica l po wer and the develo pment of
trans portatio n sys tems were cha nging th e world . In th is e ra of v isionary new
tec hnology, cera mic materials ca me to be "enab ling " con tribu to rs. The re was the
development of te legraph line insu lato rs as ear ly as 1850 and soa pstone e lectr ica l

1121. SFCER, H.t\., lelt' n t. r.1g l ' vi.
1131. fi LC H ES, Till n, I..\ '" r~.. Aml'r;(mt Cm t":,i...
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in sulators in late 1880 ' s al ong with Ed ison ' s ca rbo n microph one of 18 78 and
Edward G. Acheson 's silicon ca rb id e synthes is at N ia ga ra Fall s in 1895 . Carl Aucr
vo n Wel sbach co m m ercia lly introduced the n in ety -nine w e ight percent Th02-1
we ig h t percen t Ce0 2gas mantel s th at substanti al ly increa sed the e ff ic ie ncy of gas
illumination in 1890. Walther Ne rn s t patented a ceramic fila me n t fo r an elect ri c
light in 1899 a nd th ese we re bein g ma nufactured by 1901. These hi gh tech hi gh
va lue a d d e d ceramic materials we re no t considered pa rt of the c lay working
" ce ra m ic" indu s t rv for ano ther fi ft v vea rs b u t th e v se rv ed to ga lv a n ize sc ie n tists
into s tu d ie s of the ne w m ateri ;l s' In m any \;' a ys these hi gh va lu e add ed
co m p o ne n ts took the pla ce of prestig iou s h ard porcel ain in e nco u rag ing
inves tmen t in sc ie nt i fic researches . When c.p. S te in metz s u ccess fu lly p roposed in
190 0 th a t the Gene ra l Electr ic Co m p any set up a ce n t ra l resea rc h laboratory
"e n t ire ly se pa ra te fro m the factory " the targets for initial w ork were m ercury
va p o r la m ps, Ncrns t-tv pc lamps, new metal fil am ents an d ne w material s for a rc
lamp e lec trodes . Durin g th is time the sc ie nce o f b oth natural an d man-m ad e
ma teri al s a d va nced at an a st o u n d in g ra te . J. Willa rd G ib bs de ve loped
th er mod ynami cs a n d the basi s for the phase ru le ; O st wald car r ie d ou t s tu d ies of
ca talys is, ch em ical e qu il ib ri um a n d che m ica l kinetics; Bo ltsm an re la te d
th ermod yn am ic pro per ti es o f a sys te m to the ato m ic cons titu ents . Maxwell
d e vel oped a gene ra l rel a tion fo r the tran smission of el ec tromagneti c rad iati on .
Hertz ex pe r ime nta lly dem on s tr ated the t rans m iss io n o f e lec tro mag ne ti c waves
a nd in s ti ga ted deve lo p men t o f w ire less transmi ssion . In 1895 Wilh elm Rl\ntg en
d isco ve red the e x istence o f co mp le te ly unexpect ed x-rays . In th e foll owing y ea r,
Bccqucrcl obse rve d n atural radiography. In 189 7 J.J . Thompson d etermined th at
e lec t ro ns had th e nature o f part icles . In 1898 Rutherford identified a lp ha -rays a nd
beta-ra y s, in 1900 Paul Vila r di sco vered g a m ma -rays and Ma x Plan ck propose d a
theory for rad ia t io n quan ta . In 1910 Rutherford proposed h is mod el that the a to m
co ns is ted o f a ce n t ra l n u cle u s co n ta in in g a lm os t a ll of the m ass s urrou n d ed by a
s w a rm of e lec t ro ns . During th ese years m ethods w ere d e veloped fo r
u nderstanding th e determ ina tion of in terna l s t ruc tu re o f atom s an d m olecul es, th e
key to mater ia l properties, a lo ng w ith cont inuing developm ent of syntheti c
method s for p articu lar structure s . In 1912 Ma x vo n Lau e di scovered x-ray
detraction b y crys ta llin e so lid s. By 1913 Boh r theori zed th e mode l o f s ta tio na ry
electron l e v~1s i;, the a tom and quantum th eorists we re beginning to prov id e :1
rat ionale for th e unexpected s tab ility of these s ta tes .

In para llel w ith th is new e xtreme of e xponen tia lly in crea sin g m aterial s
s cie nce there w a s a rap id g rowth in scientifi c in strumentation . Henry Sorby had
observed th e mi crostructure o f po lis hed a n d e tched s teels beginnin g in 1863 . By
the turn of th e ce n tu ry thi s had become a centerpiece of met al s res earch . In th e
1930' s in vention of the e lec t ro n microscope a llo wed h ig he r m agn ifications and
g re a te r d ept h of focus . More rapid and e ffec t ive methods of s p ec t ros cop ic
ana ly si s we re d eveloped al on g w i th t h e wid e spread ava i la b i li ty o f Le
C h a te lie r ts th ermocoup le a nd other in s trum ental method s fo r tem pe ra tu re
measurem ent. Fr ancis A sto n in vented the m ass s pect rogra p h in 19 19 . Follo w in g
the 19 12 di sco very of x-ray d etra ction b y crys ta ls, W.H . Bra g g a n d hi s son W.L.
Bra gg d e ve loped a diffract ion equat ion a nd a n x-ray sp e ct ro m et e r to determ in e
crys ta l s t ru ctu res . In their 1915 book X-rays and Crust«! Stru ct ure they reported
nin e types of s t r u c tu re in whi ch th e p os ition s of atoms w e re d etermined . Th e ir
s tu d ie s of s in g le crysta ls were much extend ed by u sing a powdered sample in
th e Debye - Sch errer apparatu s de veloped in 1916. Combinin g thermal and
m icroscop ic method s, pha se eq u ilib r iu m diag rams for m e ta ls w ere investi gated
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beginnin g a t th e turn of th e cen tury and for s ilica te sys tems beginning in th e
1920' s. The devel opment o f mate rials sc ience mode ls an d new ex pe rimen ta l
in strumentation reinforced o ne anothe r to produ ce a vi rt ua l flood of new
ma te ri al s science .

The development of x-ray diffraction , che mical kinetics, ph ase equ ilib rium
diagram s, colloid chemistry, the structure of clay minerals, plastici ty and d rying, the
struc tu re of non-crystallin e glasses and glazes, the de velopment of qu antum theory, the
behav io r of electrons in metals, nucl ear che mistry, all had some application to ceramic
manu facture. Each was developed pretty much ind ependent o f one anothe r and certa in ly
independent of the ceramic industry. Thi s new science was too overwhelming to be
absorbed by a cera mic ind ustry which was concurrently subjected to the great depression
of the 1930's. Then the coming of World War II put a hiatus on the ass imilation of new
materi als science.

THE LATER TWENTIETH CENTURY (POST WWII)

A decade or so after the end of World War II the century-long task of tran sforming
ceramics from craft tradition to science-based industry wa s pretty well complete . More
than half of an "idea l" cera mics eng ineering curricu la consisted of ba sic science and
eng inee ring sciences!"! Following the proposals inclu ded in Vannevar Bush 's post-war
science report, Science - Tile Endless Frontier, the Na tional Science Founda tion, the
Departm ent of Defen se and the Atomic Energy Commission began provided large-scale
funding for American science research . Enginee ring colleges soon join ed their science
s ib lings and ba se d research progr ams and curricu la on "enginee ring scie nce".
Per versely this led to chang ing roles, relationsh ips and influences among the sta te, the
universit ies an d industry. Inevitably there was a decreased in fluen ce of the tradition al
industry over both university research and university cu rricu la. These came to be
domina ted by high-tech high va lue added products.

A changed socia l s truc tu re and contro l o f un ivers ity ceramic research was
based on the ma turing of vario us strand s of th e sc ience of mat e r ial s . Se pa ra te
resea rch prog ram s of e lectro ns in solid s (the physics co mmu nity, ) d efects in so lids
(th e physi cs and che m is try co m mu nities), molecul ar and crysta l s tructure s tud ies
(chem istry, geolo gy a nd bi o logy ), co llo id che m is try a nd so forth, becam e
ove rlapping. They were b ro ugh t together with in th e rubr ic o f ma te ria ls science
and eng inee ring . Parall el to th ese d evel opments there was an ex po ne n tia l
expans io n of sci en tific in strumentation of w h ich the most import ant was p robabl y
the d eve lo p men t an d co m me rcia l ava ila b ility of sop his ti ca ted e lec t ro n
microscopes and many di ffe rent mod es of in strumental ana lys is. In a recent boo k
Charactcriztuion of Materia ls, John B. Wachtman!'" listed 147 acronyms for w ide ly
used in strumental tec hn iq ues. In ce ra m ic sciences, th e new integ ra tion w as
spe lled ou t in the texts of F. H. Norto n iElements of Ceramics, 1953), W.O. Kin gery,
(C<'ramie Fabrication Processes, 1958; Kinetics of HiSll Temperature Processes, 1959;
introduction to Ceramics, 1960), and w.e. Lau ren ce (Ceramic Science for till' Pot ter,
1972).

(141. R f.ADf.Y. D f.!\.\: IS, "The Respon se of Ce ramic Education to the Changing Roll, of Ceramics in Indus try and SOl-jet)'. P~. 3..tJ
37M in W.O. Kingery. Ed. Till' CllllllSillS Rotc« t~f Ceramic» i ll Stlcicf.ll: 26.0()(J BP 10 tilt' Present. Ceramics 111 111 Cwilizat ion V.
Am erican Ceramic Soctctv, ( IYlJO).

( lS I. \\''\CH[M '\ ~ , JOII '\ B., C1w;acfai;:atillll of Mtltaia l,;;; , published (1993) .
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These ch a nged relat ionships have crea te d p rob lem s for the tradi ti on al
cera mic indust rv in re la t io ns h ip to the d e vel opmen t o f new sc ience a n d ne w
researches . In 1-950, nea rly a ll of th e articles publi shed in th e Journa l o f th e
Am e rican Ce ra m ic Society were industry rela ted ; by 1960 o n ly a min o r it y of
a r t icl e s we re rel at ed to co m mercia l product ma n ufac tu re o r u se. The ce ra m ic
in d ustry had lost most o f its power to con tro l the direct io n of uni versi ty
researches . A s sc ie nce conti nued its e xponent ial g ro w th , it h as be co m e fu r th e r
a n d fu rt her sepa rated from the lowe r growth rates o f b r ick, tile, wh iteware and
sa n ita ry po rcel a in p ro d ucti o n (Fig . 6) . As th e sop h ist ica t io n of sc ie nce a n d
com p lexity o f sc ie nt i fic in s tru m enta ti o n h a ve incre a se d , it ha s become
increa s in gl y d ifficul t fo r s m a ll a n d mi d d le s ized firm s in the ce ra mic ind us try to
ta ke a d va nt ag e of th e m os t re cen t re su lt s . Mean s need to be fo u n d fo r
in sti tut ion a l a r ra nge me n ts that w ill brid ge th e g a p . Mod els e xis t s u ch as
We d g w o o d ' s 1760 p ro p osed co l la bora t ive rese a rc h pro posa l, li ke th e
co lla bo rat io n of C ro w n, Man u fa ctu re and Sc ie nt ifi c Aca d em y in th e e ig h tee n th
ce nt ury, li ke th e Germa n ni netee nth ce n tu ry p rogram of in d u st ry-s ta te- u n ive rs it y
pa rtn ersh ip . Perh a ps th e Caste llon Ins t ituto d e Tecnol og fa Cera m ica m ay be a
m od e l of w hat is poss ib le .

Science knowledge

Craft knowledge

1600 1700 1800 1900 2000

Years

T HE SCIENCE-TECHNO LOGY N EXUS

We have defined science as bo th th e a ccumulation o f orga n ized facts a n d
data (the s t ru ctu re of material s a nd o f proce sses ), a n d a lso as the d e ve lopment o f
p redi cti ve theory (th e u nd ers ta ndi n g o f ope rat io n a l princip le s u n d e rl yin g
m a teri al p ropert ies a n d processes ) a nd fina lly as a method o f in q u iry (rigo ro u s
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use of experimentation and obse rvation as a way of test in g hypothese s and
conjectures ). Science per se does not pu rposely develop new products, new
processes, new applications for ceram ic materials; that is the ta sk of th e engineer,
craftsperson and ind ustriali st who use scien tific me thod s, scie n tific data and
scien tific expla na tions of operational pr in ciples as 10015 in the d esign and
d evel opment o f new produ cts and processes . Clea rly this relati onshi p of sc ience
and tec hnology is sy mbio tic. Many, perhaps most, of th e adva nces of sc ience
depend on techn olog y being u sed as a 1001of sc ience. In the e ra o f late Renai ssance
sc ience the telescope in the hands o f Ga lileo was instrumental. Th e so lar "bu rn ing
g lass" furn ace in the hands of vo n Tsch irn haus was an essen tia l tool in h is s tud ies
of porcela in . X-ra y d iffraction and optical and e lectro n m icroscopy have been
essential too ls in the scie n tific s tud y of the in terna l structu re o f so lid s and th e
micro stru ctu re o f cerami cs.

With regard to the ceramic ind u stry, the rol e o f science has often been an
indirect o ne in provid in g the basis for devel op ing techno logi es such as
temperature mea suremen t no t confined to th e ceramic industry al one. Se beck
discovered th ermoelectric phenomena in 1821. It was not un til to w ard the end of
the century that Le Cha tel ier appl ie d th is as a me thod of temperature
meas urement w h ich provided new p ossibiliti es for control o f ce ram ic d rying
and firing p ro cesses . Science used as a too l for tech nolog ica l develo p ment h as
led to th e subs tan tial, even revolutionary, d evel opments o f cera mic engineer ing
and manu facturing over the p ast many yea rs . Co m petit ive pressures ha ve led to
the des ig n and cont ro l of p ro cesses in w hi ch produc tivi ty a nd q u al it y ass ura nc e
have im p ro ved remarkabl y. Ma ny of these adva nc es have not been so m u ch a
co nsequence of un ivers ity p rograms in Ce ramic Eng in eering and Cera m ic
Scie nce as fro m degree programs in Mechanica l, Elect rica l and Chemi cal
En gi neering .

SUMMARY AND CONCLUSIONS

Du rin g the in itia l inte racti o ns of ce rami cs w ith modern scie nce, cerami c
crafts we re p rima ri ly objects of s tu d y. The level of cra ft k no wl edge,
accu m ula te d exper ience and tacit learning w as fa r g rea te r th an a p pl icab le
science of the time. Ho wever, the exponenti al g rowth of scie nce w as mu ch
g rea te r than th e growth of craft knowle dge indu ced throu gh th e application of
scie n t ific me thod s and ri go rous use of ex pe rime n ta tio n . By the end of th e
e ighteenth ce ntury, chem ical ana lysis of co mpositions and co n trol of the
cons ti tu tio n o f bod ies, glazes and raw materials was a n ac cepted part o f
industrial pract ice. Ceram ics had changed it s rol e from an object and ins tigator
o f chemica l st u d ies to a net user of chemical s tu d ies . Ove r th e period of a
cen tu ry o r so, the g ro w th of scie n tific knowledge o u tran th e level o f craft
knowledge by a su bstan tia l d egree . Sometim e during the first half of the
twen t ie th centu r v, ceramics had atta ined the ro le of a scie n ce-based
tech nolo g ical industry, During the next h a lf ce n tu ry science has continued an
ex ponen t ia l g row th rate far ex ceed ing tha t of indu s tr ia l knowledge . The
challenge facing the ceramic indust rie s h as cha nged fro m d evel op ing science to
be in g able to co mpre hend and a p ply it.

In thi s overall developmen t the role of social con structs and cultu ral context can
ha rdl y be exaggerated . As might be expec ted, high va lue added products such as
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porcelain in th e early eighteenth century and elect ronic ceram ics in the m iddle
twentieth century have been given th e major po rtion of scien tific attention and
soph isticated tec hno logical d evelopmen t. Traditional clay-based ceram ic ind us tries
must ma ke special efforts to benefit from new science and ne w so ph isticated sc ience
ba sed technolog ies . The challeng e is to ap p ly the wealth o f scien tific knowledge of
structures, processes and opera tional prin ciples as tools in sol ving sp ecific problems
faci ng th e ceramic industry.
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