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Commemorative Lectures

THE SCIENCE AND TECHNOLOGY OF MADE THINGS

W. David Kingery

For a general audience it is perhaps appropriate to begin with a question I
often hear: “What exactly is Ceramic Materials Science?” To understand the answer
to that question it is necessary to fully comprehend that we live in a world
surrounded by things and experiences that we ourselves have produced. We live
in a world of made things. That is what distinguishes humans from other animal
species and owur era from previous times.

Our production and our use of made things, and increasingly of made
experiences, are the principle activities of modern life. This fact is so commonplace,
so taken for granted, so much an unremarkable truth that most of us give it not
a passing thought. But imagine what our life would be without electricity, electric
lights, TVs, photography, VCRs, cameras, PCs, automobiles, trains, airplanes,
nuclear weapons, telephones, e-mail, telefax, microwave ovens, books, movies,
vaccines, aspirin tablets, highways, bridges, lipstick, jewelry, dishes, knives and
on and on. All of these things are made of contrived materials; without advanced
materials there would be no advanced technology.

Materials science is concerned with the structure and properties of materials.
We are all familiar with the Bohr atom comprised of a tiny positive inner nucleus
surrounded by a cloud of negative electrons. The configuration of these electrons
determines most of the properties of matter. In metals, like iron and aluminum,
the outer electrons are free to move; in semi-conductors, like silicon, outer electrons
become mobile as the temperature increases or additives are present; for ceramics
and plastics the outer electrons are attached to atoms and form positive and
negative ions or fixed between atoms and form covalent bonds. These are the main
classes of materials. In many ways the most interesting of these materials are the
inorganic ceramics and the organic polymers which make up almost all natural
materials. These classes of materials are constructed of two or more kinds of atoms
which can be arranged in thousands of different ways to form millions of different
structures and properties.

Materials technology is that branch of science and engineering which is
concerned with the purposeful design, production and use of man-made materials
as shown in Fig 1. At its core the science of made things is simple —structure,
composition and resulting properties are the things we need to know. But the
purposeful production of made things requires a series of activities, each with
operational principles (how they work) worthy of study, and uses, how made things
perform. Newly invented or improved made things, newly invented or improved
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MADE THINGS
Structure

(Geometry)
Composition
Properties

PRODUCTION USE ACTIVITIES

ACTIVITIES Distribution
Mat. Collection Use and Function
Mat. Selection as tools
Mat. Processing as signs

Object Design
Object Realization/
Production

as symbols
Performance/Meaning

Discard/Refuse

Fig.1 Advanced technology is best envisioned in three spheres. Made things with particular
compositions, structures and properties are produced by several activity groups and then
distributed, used and perform in a variety of different contexts.

production of made things and newly invented or improved uses of made things
comprise the core of modern advanced technology.

Chemistry is an important component of materials science and an important
tool of materials engineering. I came into the field as a university student of
inorganic chemistry doing an undergraduate thesis in basic science published as
“A Spectrophotometric Investigation of Bismuth Thiocyanate Complexes” (W. D.
Kingery and D. N. Hume, Journal American Chem. Soc., 71, 2393, 1949). This study
was an interesting and challenging problem for me and an overall contribution to
chemical knowledge. A summer job in a leather research laboratory whetted my
interest in more purposeful research. I was fortunate to receive a stipend as a
graduate student working with Professor F. H. Norton at the Massachusetts Institute
of Technology. Professor Norton’s special field of competence was high temperature
refractory materials and with him I completed a Ph.D. thesis on chemical phosphate
bonding of refractories. This was published by the American Ceramic Society and
led me into the world of ceramic science.

F. H. Norton was an extraordinary person. His SB degree was in physics and
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his early career was with NASA and then with Bahcock-Wilcox Co. developing
refractories for power generators. He came to M.LT. in 1933. The second edition
of his book Refraciories (1942) was a standard for the industry. His interests at
M.LT. focused on high temperature deformation of refractories and on the prop-
erties of clays and clay bodies. He was a gifted ceramic sculptor and his books
Elements of Ceramics and Ceramics for the Artist Potter are classics. Later, in
retirement, he would publish Ceramic Oxides. The graduate program he nucleated
at MLLT. was the first interdisciplinary ceramic science program anywhere. Students
studied with a famous distinguished faculty: crystallography and x-ray defraction
in the Geology and Physics departments, electrical science in the Electrical En-
gineering department, classical thermo-dynamics in the Chemistry department,
spectroscopy in the Physics department, colloid science in the Chemical En-
gineering and Metallurgy departments. Norton was a quiet and unassuming man
and his role in the development of modern interdisciplinary materials science has
not been fully appreciated. It became my task to bring together these various
strands and build the structure of modern ceramic science.

During World War II a small part of the overall Manhattan Project was the
Metallurgy Lab at M.LT. under the direction of John Chipman. F H. Norton
directed that part of the program aimed at developing high purity stable refractories
for Uranium and Plutonium. This was his first effort in advanced ceramic oxides,
sulfides and nitrides. At that time ceramic science was limited and scattered. The
Atomic Energy Commission initiated a program of Basic Science of Ceramics at
M.LT. which came to support most of my researches for the next quarter century.

At that time and to this day, M.L.T. has been a wonderful incubator for the
development of Materials Science and Advanced Ceramics research. Among my
early colleagues Robert Coble (dec.), Al Cooper (dec.), and Yasumichi Oishi are notable.
We worked together on a series of experimental and theoretical developments that
provided a foundation for the emerging field of ceramic materials science. In recent
years, | have tried to encourage the engineering program at the University of
Arizona to recognize that engineering is a social activity, an essentially human
activity. That belief began early in my career under the influence of Professor John
Chipman, an internationally recognized chemical metallurgist who was head of the
M.LT. Department of Metallurgy. He was enormously helpful to a young colleague
trying to get his feet on the ground. By 1960 or so, the various strings of inter-
disciplinary efforts that F. H. Norton and [ had brought together as a program of
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ceramic science began to coalesce on a larger scale as materials science and
engineering. Leadership roles were played by Professor Morris Cohen (Kyoto Prize
Laureate in 1987) and William O. Baker, who chaired the Committee on the Survey
of Materials Science and Engineering (COSMAT) that prepared an influential
“Summary Report” published by the National Academy of Sciences in 1974,
Writing books has been more of a pleasure and learning experience for me
than for my readers. Early on as a young man doing research with refractories,
[ wrote my first book on High Temperature Measurements, published in 1959 and
now long out of print. During the ferment of ceramic materials science crys-
tallization, I edited a volume on Ceramic Fabrication Processes (1958), one on
Kinetics of High Temperature Process (1959), and published the first edition of
Introduction to Ceramics (1960). Introduction to Ceramics provided a vision of
ceramic science as a tool for purposeful ceramic technology. It helped move ce-
ramics along the path from empirical craft to becoming a science-based activity. It
came to be a vision attractive to a wide variety of students, chemists, physicists,
and engineers ready to have their boundaries extended and within which they could
find problems able to test them to their capacity. The importance of Introduction
to Ceramics lies in its implications for roads toward fruitful results in the future.
Turning back to Fig. 1, each of the three spheres of ceramic activities is es-
sential to the attainment of advanced ceramic technology. This recognition led me
to move back and forth between different areas of research affecting the overall
progress of the advanced technology of ceramics, from refractory compositions and
performance and the underlying science of refractory failure processes in use
(thermal shock, corrosion) on the one hand to production activities, particularly
those occurring at high temperature, on the other. It was soon after this that one of
my models of what a materials scientist should be, Professor Cyril S. Smith, came
to M.I'T. Smith was a metallurgist who played an important role in industry and
an important role in the Manhattan Project. He was also an insightful metallurgical
historian. He convinced me, correctly, that I would have more pleasure in my work
and accomplish more if I changed my principal research interest every sabbatical
period (7 years) or so and looked at new problems with a fresh viewpoint. [ have
done so. That philosophy led me to spend a few years thinking of ice as a ceramic.
This had previously been attempted on a grand scale by the British during World
War II with the purpose of constructing an unsinkable airbase in the north Atlantic.
Natural icebergs, natural sea ice and manufactured ice shapes were considered
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[ M) . W. David Kingery, Pamela B.
Vandiver and Tamar Noy, Materials
Research Society Bulletin, p.46, January
1992 B,

Fig. 3 The famous Neolithic Jericho
sculpture made of plaster and shell
(Courtesy Israel Museum Archive).
See W. David Kingery, Pamela B.
Vandiver and Tamar Noy, Materials
Research Society Bulletin, p.46,
January 1992,

but found unacceptable. An advanced ice alloy material was required. The floating
base was to be made of an ice matrix composite strengthened with wood fiber: This
material was called Pycrete. The visionary design was to have weighed nearly 2
million tons, 26 times that of the Queen Elizabeth II (Fig. 2). It was a good design
in all aspects except manufacturability. It was never constructed. My much more
modest efforts with ice were more successful. We landed the entire inventory of
U.S. airplanes on ice at Thule, Greenland and observed their behavior on reinforced
ice alloy parking areas we had constructed to test static fatigue-strength. An ice-
matrix composite does in fact constitute a satisfactory ceramic material.

A few years later, Cyril Smith nucleated a new interest when he handed me
a few ceramic shards he had recovered on a trip to [ran. Ceramic shards form
the great mass of artifacts collected at an archaeological site as they are rather
easily broken but almost immune to corrosion in earthy surroundings. A group
of graduate students and I applied a variety of tests to determined how and from
what they had been made. I later was able to infer that Egyptian copper smelting
was done in day furnaces and that one of humankind's earliest made materials was
the thermochemical transformation of limestone rock into completely new shapes
made from lime plaster. This new made material, unknown in nature, was widely
used in Neolithic times as an architectural material as well as for Neolithic jewelry
and Neolithic sculpture. The sculpture, shown as Fig. 3, is an early example of
prehistoric advanced materials technology. I became convinced and remain
convinced that a full understanding of modern advanced technology requires an
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understanding of advanced technology in its historic and prehistoric context, studies
that I have undertaken.

The history of ceramic materials science advanced technology reached a
turning point with weapons research during World War IL It was clear that ad-
vances in jet engines, microwave devices, nuclear power, semiconductor com-
munication devices and electronic computing would transform the world as they
became available to a wide range of user groups at affordable prices. That occurred
and it was due in large part to the advanced materials which made these advanced
technologies available. The expanded critical role of advanced materials in advanced
technology is illustrated in Fig. 4, taken from Fine Ceramics by Professor Shinroku
Saito, showing the wide variety of advanced technical applications of ceramic
materials in 1983. The number of applications has probably doubled since then.

The key role played by advanced materials science and technology could be
illustrated for any one of these applications and many more. It seems preferable
to discuss a more remote historical example. I'd like to tell you about the advanced
ceramic technology embedded in the production and use of high technology Italian
story-telling isteriato maiolica some 500 years ago.

During the period 1485-1550 there developed in central and northern Italy
a new advanced technology for ceramic glazes that was accompanied by a new
painterly technique that transformed the nature of advanced ceramics. This new
advanced technology occurred in the context of monumental changes in the
economics, social structure and culture of Western Europe. During the 13th and
14th centuries the main strengths of the Italian economy came to be commerce,
banking and specialized manufacture. The growth of commerce led to the de-
velopment of large capital cities that were commercial and banking centers. In this
environment a new wealthy middle class and urban patricians substituted taste and
refinement for aristocratic genealogy, feudal estates, military accomplishments and
the trappings of chivalry. The urban nouveau rich, who were extra establishment,
subsumed the old establishment, which later joined the urban patricians in the
development of new conceptions and standards of taste and culture.

Tin oxide glazed pottery was being made in Italy by the 13th century. It was
mostly decorated with copper green and manganese brown-purple designs. These
are “solution” colors that dissolve and diffuse through the glaze such that edges
of drawings cannot be kept crisp and clear, In the 15th century the top-ofthe line
ceramics were imported from Valencia as illustrated with this beautiful winged vase
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Fig. 4 Some functions and applications of fine ceramics (from Japan Fine Ceramics Assoc., “Survey of
Trends in Development of Fine Ceramics Technologies and Situation of Development of Related
Equipment,” April 1983, see Shinroku Saito, Fine Ceramics, Elsevier Pub. Co., NY (1985).

(Fig. 5). Drawing was an important constituent of the Italian art skills. The new
revolutionary advanced ceramics combined this skill with new technical development
to produce ceramic works of art such as the Perseus and Andromeda plate shown
in Fig. 6. This plate, 27 centimeters in diameter with a sunken center and broad
flat border, is now at the Boston Museum of Fine Arts. Painted in the center are the
arms of Gonzaga impaling those of Este supported by two putti. The candelabra
on a shield hanging from the tree on the right and musical pause below the coat
of arms are personal devices of Isabella d’Este. As with many istoriato plates, the
inspiration comes from Ovid's Metamorphoses, popular tales in the Renaissance and
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Fig. 5 Fifteenth century Winged Vase imported to Italy from Valencia (Courtesy of the Trustees of the
British Museum).
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Fig. 6 Plate with Perseus and Andromeda from the Este-Gonzaga service made for Isabella d’Este ca.
1525 by Nicola da Urbino. The arms of Gonzaga impaling Este are in the center. Perseus is
shown flying with the boots of Hermes, carrying Athena’s shield, and also holding Medusa’s
head, which will turn the monster to stone as he gazes at it. Andromeda, chained to a rock, will
soon be free to marry Perseus. There is a layer of white bianco ground under the painting and
a lead-silicate coperta surface coating which contains a number of bubbles. For glost firing the
plate was set with pins near the edge; pin marks have been ground off to give a flat surface.
There is a yellow band at the foot and edge, typical of Urbino production, and a number of
pinholes on both obverse and reverse. (Museum of Fine Arts, Boston, Otis Norcross Fund,
catalog no. 41.105)

richly illustrated with woodcuts; the woodcut shown in Fig.7 is from a 1501 Venice
edition. This particular painting is not at all a slavish imitation; Nicola has
manipulated and placed the images to maintain balance on the circular form and
interpreted the scene in his own style. The vast majority of isforiato paintings are
much more closely derived from —indeed copied from—drawings, engravings, and
paintings, as were many of Nicola's.

The painting technique used both blue and green diffusing colors typical of
traditional ceramic decorative motifs, along with white, yellow, orange, and black
that stay in place and permit fine detail and even impasto. A magnified view of
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Fig. 7 Woodblock version of the adventures of Perseus, Medusa, Andromeda, and the dragon Cetus,
from a 1501 Venetian edition of Ovid's Metamorphoses.
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Fig. 8 Enlarged versions of Cetus's head on the Nicola da Urbino Perseus and Andromeda plate for the
Este-Gonzaga service. Brush strokes in relief are clearly visable under the transparent coperta
surface layer.

Cetus's head (Fig. 8) shows a background green that flows out uniformly. In
contrast, brush work done with the insoluble white, yellow, and orange are clearly
visible without any sign of flowing. Under the microscope, bubbles can be seen
in a covering coperta layer. In combination, the overall view and the magnified
portions illustrate the painterly technique made possible by the new technology
as well as the skill and sensitivity of Nicola da Urbino's painting. An indication of
the importance of the new technology is that more than half of Piccolpasso's 1557
text on pottery making, which describes the skills, methods, and equipment used,
was devoted to the preparation of glazes, colors, and painted designs.

The essence of the new technology and the new painting technique is the
three-laver system illustrated in Fig.9. Over the fired bisque body, an unfired white
translucent tin-opacified bianco ground glaze was applied on which the narrative
scene was painted. At least some of the paints consisted of insoluble pigment
particles with a minimal binder content. These colors do not flow during firing,
thereby allowing a hitherto unattainable precision of drawing to be achieved. Over
the paint, a lead silicate coperta surface film wets out the irregular pigment layer
and forms a bright smooth reflective surface. This three-layer glaze allowed the
firing of hundreds of pieces in one setting of the kiln.

The considerations important for the development of this new class of ad-
vanced technology are shown in Table 1. Purposes and goals of the design change
arise from a new social and economic context in the [talian Renaissance and denote
an enhanced role of pottery as a social indicator. The normal configuration

117



@Il E s

IEECH - LECH

/4

N Xe AT SRS O LT
y oo Filftokakk
i el
‘ S ———AAOTH
ot ﬁ!"'
R —— oK

Mo (k) mtttﬁlrrlwm«‘ﬁ ﬂi‘? a ] :W)iflﬁ_ BB AT 82 (R T- BRI E 10 IR A% = 2 AN 4 b %
PRGN Y OFLAGHT 7 > 2 A - Ty b BRI ER T L2 BRI, R T DB
Mtz LailioTwa, (TR ER. ZRCIRE S s 6 Ul ERETiiiEs L o d
HN.ELIZEZOTOET I TFTHETETLELH S,

#1 AZXBM)T— MARRYI ) AOERE EOBEER

HIY R EEOE AR (RATF—F AT RN

PREROMERR S © 2Ll & 4 /i TS

BEROMEEE | Pkl 3 RERHE T

—te ks B S E ORI T T

i A &, REMFIIC X AR - SUERREEI Rk O—E

PEREFFE NGO S R U e IR & | {0 AT L 5 (o1 7 Lo 7

BATAEHHES» 5> TWET, TNHOEIIBEIIFICHENES L) 2 Ehs
ZVDT, TNE THRIJRETD » 7l ROMEATTHE L &> 72D T, Fant
ML [a~V g | L EERERo FHNF I, AV BRI el v . B
T o2 %, 2ROHLEMEBE L TVwET, SOZRBINFIZEY, —BEfEE
VOBOBBARBAN L TR S LA 20 F L1
COFHOKIEMOFE T 2 ERAEREN L, RUIETE L, 71~
DEALIL, A F )T - MR AL W) R - BHEIRROB D SR EE D

118

Commemorative Lectures

Specular and Diffuse

Reflection

7 Lead Silicate Coati
fi*'—*————Tl:in Piq;:e_nf L:yqa'r“g

>
ﬁ% ¥/

Q%dﬁié__mm0wmemm

s L Porous Grey Body
Fig. 9 (Tep) Electron micrograph of polished cross section of yellow painted area of mid-16th-century
Pesaro maiolica. The opaque grayish body is coated with a tin-opacified biance ground in which
sand grains and bubbles are present. The thin pigment layer is covered with a lead silicate
coperta that completely wets and penetrates between the pigment particles. (Boftom) Schematic
cross section illustrates how some light is reflected from the surface, some from the pigment
layer, and some from the underlying bianco ground.

TABLE 1. DESIGN REQUIREMENTS FOR ISTORIATO MAIOLICA PAINTED WARE

PURPOSE: Wealth creation; quality of life; social indicator

NORMAL CONFIGURATION: Decorated tiles, pharmacy jars, plates, etc.

MODIFIED CONFIGURATION: Narrative drawing; three-layer glazes

NORMAL EXPECTATION: Quality paintings on permanent ceramic ground

OPERATIONAL PRINCIPLES: Incorporate pictorial socio/cultural identifiers

in luxury ceramics

PERFORMANCE CHARACTERISTICS: permanence, aesthetics, functional,
social and cultural identifier, manufacturable, moderate cost
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of ware shapes and utilitarian purposes are not much changed but the narrative
depictions are quite different from the previous normal decorative configurations,
a change made possible by the novel geometry of pigments and glaze shown
in Fig. 9. For precise drawing of the pictorial design, glaze paints were used which
had insoluble pigment particles (like oil paints) and just enough binder to hold them
in place during firing without diffusion or spreading. Precision drawing, impasto
and controlled shading became possible. This focus on glaze and color properties
was a substantial change in the potter’s craft. Cipriano Picollpasso devoted more
than half of his 1557 work Three Books of the Potter's Art on glazes and color. As
to technique, he says, “If any of the said colors run in the first baking, as they often
do, and so are not good” they must be remixed and rebaked.

The normal expectation of pottery painting was transformed. Technological
change made pottery a ground for colorful narrative, historical and mythical scenes.
The normal expectations of the new techniques are derived from paintings and
drawings on other grounds. We have a coupling of what had been two distinct craft
species in a way not permitted by nature and foreign to analogies of technical
change with evolutionary theories of natural selection.

In thinking about operational principles of the new technology, one viewpoint
may be that of the specular and diffuse reflections illustrated in Fig. 9. Associated
operational principles are related to mixing of pigment particles and glaze to avoid
diffusion and maintain drawing precision. A companion operational principle has
to do with the effectiveness of subject matter, color brightness, painting skill,
aesthetics and formal “art” structure as signs of taste, wealth, position and power
within a particular social context. More than one operational principle is embodied
in a technical artifact.

The performance characteristics associated with this object fall into a number
of categories as shown in the design summary of Table 1. In Table 2 we have
divided these in ways that could have been emphasized or varied by the designer.
Just listing some 27 performance characteristics leads us to understand that no
matter how simple the design process may be in principle, it can be extremely
complex in practice for even the simplest made thing. The success of the described
design is testified by the fact that such decorative wares have survived in the
market place and continued to be produced for five hundred years or so.

In my view the pattern of how advanced materials technology enhanced and
revolutionized the istoriato ceramics ol the Italian Renaissance is typical. Advanced
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TABLE 2: PERFORMANCE CHARACTERISTICS

PERMANENCE SOCIAL AND CULTURAL
Easy maintenance IDENTIFIER
Fade resistant Depiction (classical story)
Corrosion resistant Personal devices
Fracture resistant Extraordinary object
AESTHETICS MANUFACTURABLE
Depth of image Raw materials required
Form Ease of shaping
Surface reflectance Ease of drying
Color brilliance Ease of glazing
White ground Ease of painting
Translucence Ease of firing

Finish required

FUNCTIONAL MODERATE COST
Impermeable
Washable
Thermal shock resistant
Impact resistant
Non-poisonous

materials technology is an enabling technology that makes possible the outflowing
of technological change that is the most important characteristic of our life in these
closing days of the twentieth century.

As a final thought, | must add that parenting, like advanced material
technology, is an enabling activity. My father, Dr. Lisle B. Kingery and my mother,
Margaret Reynolds Kingery, instilled by word and example that accomplishment
resulted from continued effort in the face of difficulties. “Pull up your socks and
get on with it.” They provided a quite happy and normal childhood and encouraged
my unbridled curiosity and avid reading. Indeed my last word of appreciation should
probably go to the American system of free public libraries available to all.
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