Ancient Glazes

~

The beauty of a glazed ceramic arises from the interplay of light
with the complex structure of the glaze. The methods of materials
science reveal the ingenuity of ancient glazing technologies

glaze is the glassy coating that
seals and adorns the surface of a
ceramic body. Modern indus-
trial glazes are usually colorless and
transparent, as on a porcelain dish, or
colored and opaque, as on a bathroom
tile. But a visit to any art museum re-
veals that ceramic glazes encompass
an immensely more diverse repertoire
of visual effects. Blue faience glazes
on ancient Egyptian amulets glow with
intensity undiminished since the day
they emerged from the kiln. Scenes
rendered in red and black slip glazes
spring to life on the sides of Grecian
vases. Bright tricolor lead glazes, lumi-
nous celadons and dazzling porce-
lains speak to the taste and power of
the Chinese imperial court.

Long before there were synthetic
dyes and plastics, ceramic glazes of-
fered artisans an unparalleled range
of permanent colors and textures,
which could be manipulated to satis-
fy a diversity of cultural demands. In
most cultures, glazed ceramics were
a prestige good—something that re-
mained beyond the reach of common
people because the necessary mate-
rials, know-how and manufacturing
skill were often difficult to acquire. In
16th- and 17th-century Europe, mon-
archs collected Chinese porcelains so
avidly that they sometimes risked
bankrupting their treasuries. The Eu-
ropean appetite for this “white gold”
motivated prominent scientists to try
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to replicate porcelain during the early
stages of the industrial revolution.

Today ceramic research focuses
mainly on exploitation of the practical
rather than the artistic possibilities of
ceramics [see “Advanced Ceramics,”
by H. Kent Bowen; SCIENTIFIC AMERI-
CAN, October, 1986]. Yet the tools and
strategies of modern materials sci-
ence have also taken the study of
ancient ceramics into a new era. Mate-
rials scientists study ways to process
raw materials in order to create mi-
croscopic structures that will endow
a ceramic with desired macroscop-
ic properties, such as the ability to
withstand extreme stress or tempera-
ture. Students of ancient ceramics ap-
proach the problem from the opposite
direction: starting with a finished ob-
ject, they try to determine the struc-
tures underlying its properties and to
reconstruct the materials and proc-
esses that created it.

In our laboratory we have been
studying the technological develop-
ment of ancient glazes, which have not
received as much attention as the
ceramic bodies themselves. We study
the archaeological context and utility
of an ancient glaze, analyze its compo-
sition and structure and finally try to
replicate it. We hope thus to answer
a multitude of questions: What is the
physical basis of the appearance of a
glaze? What raw materials went into it,
and how do these vary or constrain
the glaze? What sequence of steps did
the potters choose to develop? How
were these procedures refined to pro-
duce a desired effect? The answers to
such questions offer an intimate win-
dow on the thought processes of an-
cient potters and on the values of the
societies in which they worked.

eramics are made of clays,
which consist mainly of fine
particles—less than 10 microns
across—of aluminosilicates, which are

among the most abundant minerals in
the earth’s crust. The platelike parti-

cles are stacked in layers, offering nar-
row interstices for water, which cre-
ates capillary forces that draw the clay
particles together and allow them to
slide past one another so that the clay
can be plastically deformed.

When a clay is fired, the particles are
sintered; that is, they melt just enough
to make a glassy “glue,” which binds
the particles into a rock-hard mass.
The ceramic remains somewhat po-
rous, however, because the clay is not
heated high enough to melt complete-
ly; if it were to melt, the structure
would collapse under its own weight.
The porous body is therefore sealed
by a glaze. Glazes are typically com-
posed of fine, glass-foiming particles,
which melt and fuse to form an imper-
meable glassy layer after only a short
firing at a relatively low temperature
that retains the shape of the clay body.

Perhaps the best way to elucidate
the melting behaviors of such ceram-
ics as a glass or glaze is to contrast
them with that of a crystal. In a crys-
tal the atoms are stacked in order-
ly, three-dimensional arrays. The bond
strength between like atoms in a crys-
tal is uniform. Consequently, as a crys-
tal is heated, the atoms vibrate at fixed
sites in the array until they reach the
melting point, when the thermal ener-
gy makes them abruptly disassemble
into a more random, liquid state. A
glass, on the other hand, contains im-
purities, called fluxes, that disrupt the
arrays, giving rise to a random net-
work analogous to the structure of a
liquid. Because of the random arrange-
ment and the variable bond strengths,
glasses do not have a fixed melting
point. When a glass is heated, it dis-
solves gradually, changing from the
consistency of a solid to that of but-
ter, then honey and finally syrup. By in-
corporating fluxes that have different
bond strengths, one can manipulate
the melting point and stability of a
glass or glaze.

Although glasses and. glazes are
made of the same raw materials, such



as silica sand, lime, potash, borax and
lead oxides, there are important dif-
ferences between them. A glass in the
making must be kept above the melt-
ing point for a long time, sometimes
days, to ensure that all the raw materi-
als melt, that no new crystals form and
that trapped air escapes as bubbles or
is reacted into the glass. A glaze, in
contrast, cannot be held at peak tem-
perature for long, because the clay
body might alsc begin to melt.
Because glazes spend so little time
at or near a high temperature, they
often retain impurities, such as un-
melted crystalline raw materials or
gas bubbles. It is these impurities that

SOFT, OPALESCENT GLAZE on this Jun ware howl exemplifies
the sophistication of the Song dynasty (A.D. 960-1279). In a
modern replica of a Jun glaze (left), fields of copper crystals
form a myriad of reddish pinpoints within a blue ground. A
cross section enlarged 60 diameters shows bubbles, which
reflect light (second from left). Cristobalite crystals indicate

dramatically alter the appearance of
a glaze, making a clear glaze appear
translucent or opaque, causing an in-
herently smooth surface to take on a
satin, velvet or even oatmeal texture,
and changing an optically flat surface
to one having the same illusion of
depth as jade and agate.

he appearance of a glaze results

I from the interactions of light
with the outer surface of the
glaze, with the interface hetween the
glaze and the underlying body and
with the substance of the glaze itself.
The microstructure of the glaze is par-
ticularly important. Structures smaller
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than 100 microns lie below the limit of
resolution of the human eye and so
contribute to subtle textural effects.
Structures of between .1 and one mi-
cran in diameter are near the visi-
ble wavelengths of light and so most
strongly influence the optical proper-
ties and appearance of a glaze.

Light bounces cleanly off a smooth
glaze surface (specular reflection),
whereas it scatters off a rough surface.
A matte glaze contains crystals that
roughen the surface and scatter light
in all directions. In Song dynasty Lang-
quan celadons, the surface is slightly
rough, embedded with quartz crystals
measuring between 10 and 100 mi-

that the glaze was heated for a long time and cooled siow-
ly (center). Tiny droplets in the glaze emulsion were etched
away by acid, leaving a pitted surface; the white balls are pseu-
dowollastonite crystals, which make the glaze cloudy (sec-
ond from right). Needles of anorthite grew between the glaze
and the body, forming a white layer that reflects light (right).
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THERMAIL HISTORY of glass, frit and two glaze types are
shown here, Glass is held at a high temperature to melt im-
purities and allow bubbles to escape; while being formed, the
glass may be reheated many times. A frit is sintered (par-
tially melted) at a high temperature, cooled rapidly, ground
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LIGHT interacts in different ways with different glazes. A lead
glaze (left) is transparent and highly reflective, A matte glaze
{center) has crystalline protrusions at the surface, which scat-

crons, and reflects a combination of
specular and diffuse light, Different
glaze compositions reflect and absorb
varying amounts of light. A soda-lime
glaze reflects about 4 percent of the
incoming light, whereas a lead glaze
reflects about 8 percent, which gives a
brighter appearance. Heavier elements
increase both the refractive index and
reflectivity of a glaze,

In a transparent or translucent
glaze, light is absorbed, scattered and
reflected at the interface between the
glaze and the body. A smooth, white
clay body will reflect a large amount of
light and brighten the colors of the
glaze, whereas a darker body will ab-
sorb more light and cause the glaze
to appear darker. In celadons, crystals
of anorthite, a calcia-alumina-silicate,
grow at the interface during firing; the
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white crystals mask the gray clay body
and cause the blue-green glaze to ap-
pear brighter and more intense.

A variety of complex optical effects
are generated within the glaze itself.
Most obvious are the interactions that
color a glaze. The simplest and most
reliable coloring technique is to add a
pigment, such as magnetite black and
copper oxide red. More complex are
colloidal colors, such as microscopic
particles of gold, silver or copper; the
particles produce colors by absorp-
tion, scattering and refraction.

The most subtle and interesting col-
ors are often produced by yet a third
means, a solution of transition-metal
ions, which have outer electrons that
absorb all but certain wavelengths of
light. These ions include iron (which
can produce colors ranging from yel-

30

into powder, applied as a glaze and refired at a lower tem-
perature. Clear lead and feldspathic glazes are held at peak
temperature briefly (A). To achieve translucency, the glaze is
cooled slightly (B) to nucleate crystals and then held at a high-
er temperature for some time to allow the crystals to grow.

CELADON GLAZE

SPECULAR -~ _
REFLECTION A
i

ter light. A celadon glaze (right) contains guartz particles, bub-
bles and micron-size crystals, which bend and scatter light.
A crystal layer at the glaze-body interface also reflects light.

low and green to brown and black),
manganese (purple to brown), chro-
mium (pink to green), cobalt (blue)
and copper (gréen to blue) depending
on concentration and oxidation state.
These colorants can be tricky to use,
since the energy level of their outer
electrons is strongly influenced by the
surroundings. Hence, copper is blue in
an alkaline glaze but green in a lead
glaze, If .5 percent of iron oxide is
added to an alkaline glaze or glass,
each iron ion hecomes surrounded by
oxygen atoms, and the resulting ab-
sorption pattern gives a Coke-bottle-
green color. If a sulfur or carbon ion
replaces one or more of the oxygens,
the resulting color is a beer-bottle
brown, because an iron-sulfur or iron-
carbon pair absorbs more light across
the entire spectrum.
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Air bubbles also interfere with the
path of light through the glaze. Bub-
bles may form because trapped air
pockets expand with heat or aggre-
gate as melting particles clump to-
gether or because salts in the raw
es, If the glaze is allowed to melt to a
fairly fluid state, most of the air bub-
bles rise to the surface and escape. But
if the glaze remaing viscous, the bub-
bles are trapped, much like bubbles
in pumice. Large numbers of bubbles
brighten a glaze, hecause the smooth
interfaces between air and glass offer
many reflective surfaces.

In addition to colorants and air bub-
bles, another important feature of the
glaze is the presence or absence of
crystalline particles. If a glaze or glass
consists of .5 percent by volume of
fine particles of less than a micron in
size, it appears translucent, not trans-
parent. If the concentration exceeds
about 10 percent by volume, the glass
or glaze appears opaque. The crystals
may have a higher index of refraction

case light bends as it passes into a
crystal and traverses a longer path
through the glaze, creating an illusion
of greater depth. If the index of refrac-
tion of the crystal is much greater
than that of the glass, light bends by
such a large angle that the glaze be-
comes quite opaque.

rtisans over the millennia have
_% exploited these structural vari-
ations in glazes to create an
amazing array of visual effects, includ-
ing those that mimicked precious
metals and stones. Ceramics could be
plastically formed, usually with less
effort than more precious materials,
and could assume a greater diversi-
ty of shapes and sizes than metal
or stone. These possibilities elevat-
ed glazed ceramics above mundane
functionality to the status of luxury
goods. To satisfy their patrons, art-
sans exercised considerable ingenuity
in manipulating glazes. Ceramic glaz-
es, then, offer an exceptional glimpse
of ancient technology and its interplay
with cultural values.

The earliest types of glazes in the
New World, Southwest Asia and China
were slips: suspensions of very fine
clay particles in water, often with an
added flux of a salt or ash. Slip glazes
are fired for a short time at a low
temperature, between 600 and 1,000
degrees Celsius. They melt only par-
tially and so remain permeable.

As early as 5500 B.C. pofters in
northern Mesopotamia had discov-
ered that the color of a fired clay could

be controlled by adjusting the furnace
atmosphere. The variable agent is iron
oxide, an abundant impurity in earth-
enware clays. An oxygen-rich kiln at-
mosphere maintains the iron oxide in
its red, hematite form (Fe,0;), where-
as a smoky, oxvgen-depleted atmos-
phere reduces iron oxide to black mag-
netite (Fe;0,). Both conditions arise
in ordinary hearth and kiln fires, and
so people would have observed the
coloring effects and then learned to
manipulate the firing to achieve them
on purpose.

Slip-decorated wares reached their
apogee in the Attic vases of the sixth
to second centuries B.C. llitic clays
mixed with water were left standing so
that coarse particles would settle out.
The finest clay and hematite particles
remained suspended and were ladled
out. This slip was painted on the areas
to he rendered black. The wares were
fired in a smoky atmosphere so that
the iron oxide over the entire surface
was reduced to a black color. In the
process the fine-particled slip glaze

the coarser clay body remained largely
unsintered. At the end of the firing
and during cooling, more oxygen was
vented into the kiln, causing the ex-
posed, porous clay areas to reoxidize
to a red color. On the other hand, very
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little oxygen could diffuse intc the
sintered slip, and so the glazed areas
remained black.

| lip glazes everywhere were var-
iants of this general style and
shared the drawback of being

too permeable. We recently identified
a notable exception to this rule in a

Tepe in western Iran. Known as Seh
Gabi painted ware and dated to 3500
B.C., it was made from a calcareous,
cream-colored clay and was decorated
with a glassy black glaze. Our analysis
showed that the glaze has the compo-
sition of a slip but had been fired at a
higher temperature (1,050 degrees C)
and for a longer time than the body,
which was fired at 800 degrees C. This
could have been done only if the glaze
had been fritted, or prefired, at the
high temperature and then ground up,
mixed with water, applied to the clay
body and refired at the lower tempera-
ture. This technology was short-lived;
it was transmitted neither to stibse-
quent generations nor to other areas.
Seh Gabi remains the sole known
example of a high-temperature clay-
based glaze before 1500 B.C., when
stoneware glazes appeared in China.
The first truly glassy glazes in the
Near East developed from the stone-

LONGQUAN CELADON VASE from the
12th century is among the finest ceram-
ics ever made. Bubbles and quartz parti-
cles, seen in cross section (top right),
give the glaze luminosity and depth;
the sea-green hue comes from a slight-
ly reduced state of iron in solution.
A scanning electron micrograph (bot-
tom left) shows a quartz particle and
needles of anorthite, which scatter light.
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worker’s art rather than from the pot-
ter's craft. These were the turquoise-
and lapis-like blue faiences of Egypt.
Around 4000 B.C. stoneworkers dis-
covered they could create a stonelike
material by shaping a gritty paste of
crushed quartz debris, a sodium or
sodium-potassium flux, some crushed
limestone or malachite and water ahd
then drying and heating it. A copper
salt was added to the paste, which, to-
gether with the other fluxes, would ef-
floresce onto the surface; when fired,
the efflorescence would melt and form
a translucent, blue, glassy coating. A
second method, found from around
2300 B.C., involves firing quartz-based
objects buried in a powder of copper
salts, quicklime and charcoal; the salts
vaporized and fused onto the surface
to form the glaze. This technique may
still be used in Iran to make beads.
Faience artisans also developed a
third group of techniques in which
glazes were fritted, powdered and ap-
plied to quartz-based bodies.

The technological history of this im-
portant craft is complicated in Egypt,
especially during the early stages. As
the technology spread to—or was re-
invented in—other regions of the Near
East, differences in technique arose
between regions and even between
objects ascribed to a single workshop.

Around 1500 B.C., about the time
Egyptian artisans first began making
large quantities of glass beads and
vessels, they also started incorporat-
ing powdered glass into quartz-based
bodies to make decorative inlays for
furniture and architecture. This devel-
opment expanded the palette of col-
ors from the traditional blue-green,
dark purples, brown and black to in-
clude yellow, lime green, cobalt blue,
violet and orange. Artifacts from Ro-
man times indicate that Egyptians ap-
plied these frit glazes to tan-colored
clay objects; these glazes appear glass-
ier and duller and lack the gemlike
quality or function of faience.

It is of interest to note that prefrit-
ted glazes have been reinvented in
modern times as a way to eliminate
defects such as bubbles and unmelt-
ed particles. Such glazes also solve
the problem of possible toxicity from
lead glazes, which, when incompletely
melted, contain unreacted lead oxides
that can dissolve into mildly acidic
foods such as orange juice. A prefrit-
ted glaze ensures that the lead parti-
cles are completely melted and locked
into a silicate glass structure. _

The stoneworking and faience-mak-
ing traditions in the Near East, then,
developed a glaze technology that dif-
fered from that of slip glazes, one
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offering a wider range of colors and a
high gloss. For historical and cultural
reasons, faience, frit, glass and glaze
were reserved for imitating precious
materials and for architectural deco-
ration—artifacts that supported the
ruling class. Glassy glazes could have
also been developed to decorate and
seal clay pottery, but they were not
needed for these purposes, because
other methods, such as slip decora-
tion and impermeable resinous coat-
ings already sufficed.

ne reason slip glazes were

firmly entrenched in the Near

East was because clays in the
region are of a pyrophyllite type suit-
able only for low-fired earthenware.
These clays are difficult to work and
are often found in seabed or river-
ine deposits that vary in composition.
Clays adulterated with enough lime-
stone have poor refractory properties:
if fired in the range of 800 to 850
degrees C, they crumble easily; if fired
at above 1,000 degrees C, they will be
more stable but will then warp, bloat
and eventually melt. What is more,
kiln structures made from the poor
clay cannot withstand repeated high
firings. The quality of raw materials,
together with the social and historical
setting, constrained the technology
and fixed the mindset of artisans.
Hence, glossy pottery glazes made
from such materials as limestone did
not appear until Roman times.

In China, in contrast, potters en-
joyed an abundance of excellent re-
fractory clays and materials that en-
abled them to elevate ceramic technol-
ogy to an art equal to painting and
sculpture in the West. The analysis of
Chinese glazes by our laboratory and
by Chinese scientists reveals a grad-
ual but continuous pattern of inno-
vation in which new materials were
employed for glazing and in which
processes were invented or refined to
produce new visual effects.

The chief driving forces of innova-
tion in Chinese glaze technology were
two: the early achievement of firing
temperatures above 1,000 degrees C
and the discovery of glaze stones—
nonclay minerals such as limestone
and “China stone” (a partially weath-
ered mix of sericitic clay and quartz)
that can be used to concoct a high-
firing glaze. The first achievement can
be credited to the thick loess deposits,
in some places hundreds of meters
deep, that blanket much of China. The
loess consists primarily of quartz and
so has a high melting point, which
makes it a superb material for high-
temperature kilns. To build a kiln in

China, one had only to dig a chamber
in a hillside, tamp the walls and create
a vent to the surface. By 1500 B.C.
pottery was often high fired at be-
tween 1,100 and 1,200 degrees C.
The idea of glaze stones might have
come from observing the results of
overfiring slip glazes containing clay,
limestone and mica; deposits of ash
from the kiln fire might have served as
a flux for embedded particles of glaze
stone. By the second millennium B.C.
Chinese potters were using two types
of glazing stones: limestone and Chi-
na stone. Ground China stone formed
the clay body itself, a process that
culminated around A.D. 600 with the
invention of porcelain, which was then
predominantly of China stone. Kaolin,
now the most common ingredient,
was added only later. .

y the 11th century A.D. artisans

in northern China were supply-

ing the imperial court with ex-
traordinary wares such as the laven-
der-and-blue Jun ware and Ru ware,
whose color was described as “blue
sky after rain.” Jun ware illustrates an
unusual way to create an unctuous,
stonelike texture. The glaze was al-
lowed to sit at a.temperature of about
1,250 degrees C and then cool slowly,
forming an emulsion of two glassy
liquids. Like oil and vinegar, the two
liquids are more stable by themselves
than they are in a mixture, so that they
form a myriad of tiny globules some
tens or hundreds of nanometers in
diameter. The two glass phases have
different indexes of refraction, caus-
ing light to bend as it crosses from one
phase to another; the longer, more
indirect light path creates the illusion
of translucence and depth. The same
effect appears in a vigorously shaken
bottle of oil-and-vinegar salad dress-
ing; the individual liquids are clear,
but the emulsion is translucent.

In 1127 the Song court fled south
and established the Southern Song dy-
nasty in Hangzhou. Potters began a
crash research program to adapt the
local Yue folkware to the court’s taste
for lustrous, jadelike wares. The re-
sults of this effort were the celebrated
Guan (“imperial”) celadons and Long-
quan celadons. Longquan was a mar-
ket town southwest of Hangzhou,
where celadons were made primarily
for export. The remarkable accom-
plishment of celadon glazes is their
translucent, silky texture ranging in
hue from pale sea green to gray-green.

The starting point for the celadon
artisans were the Yue glazes, which
are homogeneous, thinly applied clear
glazes colored by iron oxide in shades



DIVERSITY OF GLAZES reflects variation
in materials and processes. Fifth-cen-
tury B.C. Attic wine cup (I} was decorat-
ed with a black slip over a red ground;
a scanning electron micrograph shows
sintered slip particles above a coarse
clay base. Egyptian faience (2) is a glassy
glaze over a ground-quartz hody. Shown
here are a superb chalice (800-900 B.C.)
glazed by melting copper salts that had
effioresced from the hody; beads repli-
cated in the author’s lahoratory by firing
them while buried in copper salts, quick-
lime and charcoal; and an inlaid design
(about 1450 B.C.) made by mixing col-
ored glass with the quartz paste. A two-
foot-long lion (3) from the Temple of
Ishtar in Nuzi, Iraq, dates to about 1500
B.C. and is the largest extant ancient ce-
ramic witha glassy glaze.Brightlead glaz-
es decorate an eighth-century Chinese
jar (4). Lustrous “oil spots” on a Song
dynasty tea bowl (5) are made by red
hematite and yellow magnetite crystals.
Intensely colored overglaze enamels (6}
from the famille verte palette adorn an
early 18th-century plate; the scanning
electron micrograph shows the ultrafine
hematite particles in red enamel. A Turk-
ish Iznik tile (7) is decorated with viv-
id colors under a clear lead-alkali glaze.
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ranging from brown to green and vel-
low. Yue glazes are fluid because of
their high calcia content. The celadon
glazes were as much as 10 times thick-
er; ta prevent the glaze from flowing,
the calcia content was reduced, and
many quartz particles and bubbles
were suspended in the glaze. In addi-
tion, celadon glaze, unlike Yue, con-
tains numerous crystalline particles,
mainly needles of anorthite several
microns in length and spherical parti-
cles of pseudowollastonite.

When we analyzed the chemical
composition across the thickness of
the glaze, we found that areas high
in potassia and alumina but low in
lime contain mainly anorthite, where-
as areas rich in lime contain mainly
pseudowollastonite. These local varia-

tions were caused by combining
coarsely ground raw materials, such
as limestone, with China stone and
ash and mixing them incompletely.
Since in Yue ware the same materials
were finely ground and well mixed,
celadon was clearly the result not of
careless workmanship but of an inten-
tional technology.

The firing process also underwent a
change. Undissolved quartz particles
in celadon are surrounded by a halo
of molten silica, which indicates the
glaze was kept at a high temperature
for a long time—but not so long that
the molten silica could recrystallize
into cristobalite (one of the crystalline
phases of silica). Based on replication
experiments, we conclude that cela-
dons were fired at a temperature of

hetween 1,200 and 1,250 degrees C
and then cooled over many days. This
process allowed anorthite and pseu-
dowollastonite crystals to form in-the
glaze. Nearly nine centuries after the
invention of celadon, engineers at Cor-
ning Glass Works developed a high-
tech analogue in Corelle Ware. The
ware is formed as a clear glass and
then placed in a controlled furnace
that allows crystals to precipitate and
grow. The process strengthens the
glass and turns it an opaque white.
Another famous glaze in which crys-
tals are induced is the “oil spot” Jian
or Temmmoku glaze. This glaze con-
tains about 10 percent iron oxide;
when it is kept in a viscous but molten
state for a considerable time, “snow-
flakes” of gold-colored hematite and

silvery magnetite grow. If the glaze
temperature is raised, the glaze flows,
and so the crystals may dissolve and
run in downward streaks, forming a
“hare’s fur” texture.

Scholars think glazes such as cela-
don, Jun and oil spot emerged as a
consequence of the large-scale pro-
duction: of high-fired ceramics in Chi-
na. As kilns grew in size to accommo-
date the increased output, the time at
peak temperature and the cooling pe-
riod lengthened, and one accidental
result was crystal formation. Potters
noticed this and, when their patrons
desired such textures, figured out how
to control the effects. Modern cerami-
cists are so attuned to efficiency that
the “inefficient” Song dynasty tech-
niques—coarse milling, poor mixing
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SLIP ALKALINE ALKALINE HIGH-IRON CHINA STONE | CHINA STONE CHINA STONE GLASSY CHINA STONE
SLIP 1 LOW-LEAD
CALCAREOUS HIGH-IRON HIGH-IRON ’ ‘ HIGH-IRON SILICEOUS :
BODY EARTHENWARE QUARTZ CLAY EARTHENWARE | CHINA STONE | CHINA STONE | CHINA STONE STONEWARE FRITWARE PORCELAIN
CLAY CLAY
GLAZE FIRING -~ 1,000 1,000 1,000 1,050 | = 1,200 1,300 1,250 — 1,200 1,100 900
TEMPERATURE | — > _
(DEGREES CELSIUS) | 900 800 900 850 1.100 1,200 1,200 - 1,100 1,000 700
Si0 ; .97 : ; 4 71.70 67.00 T 53.10 24.90
T 2 59.00 78.9 51.46 45.63 60.40 60 63
COMPONENTS AL, 0, 14.54 51 10.10 32.52 12.80 10,40 13.60-16.70 19.33 .93 4.78
o Fa,0, 13.59 .19 4.35 «13.61 1.25 1.74 1.60 7.89 .40 23.76
I
o Ca0 4.98 .70 8.93 .45 17.20 8.53 7.20-10.13 5.99 1.20 2.39
[k}
w MgO 117 0 4.23 2.40 2.30 1.60 .65 1.75 .98 a1
& FLUXES
= Na,O 1.60 9.25 14.37 64 .95 1.30 .50 A1 16.81 .28
i
2 ; K,0 3.20 .24 3.31 4.18 1.60 3.92 5.60 2.55 1.32 .25
j'8}
= PbO 0 0 15 0 0 0 0 0 13.70 42.90
i =
2 Tio, 49 — .80 51 70 21 —.08 .65 _ 2 T
o : =
P05 = = — — L7 A2 04 1.05 F 19
IMPURITIES : =
AND C — 59 - P - — 2 0 a 0 0 - =
COLORANTS =
CuO 20 9.45 [.37 — — 10 — - —
MnO 31 06 3 — = | - .55 - — —
TOTAL 99.18 99.97 99.08 99.94 98.91 99.92 96.82 99.43 98.46 m 99.47
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and long firing—are difficult to under-
stand and duplicate.

frer the discovery of glaze stones,
the next major technological ad-
vance was the development of
lead glazes. Archaeologists have not
yet determined whether these first ap-
peared in the Mediterranean region,
Southwest Asia or China, but they
agree that lead glazes existed in all
three regions by about 2,000 years
ago—a time famous for the consolida-
tion of the Roman, Parthian and Han
empires, which allowed extensive mu-
tual trade and communication.

Lead glazes were formulated from
a new class of lead-containing glaze
stanes. These glazes can be ground
up, applied directly, fired at a low
temperature (from 800 to 1,000 de-
grees C), support a wide variety of
bright colors and produce a brilliant
surface because of the high refractive
index of lead glass. Lead glazes could
be applied very thinly and so were
used on delicate porcelain bodies to
make an imitation silverware. They
had the disadvantage, however, of be-
ing too fluid and flowing easily.

In the Song and Ming dynasties, lead
glazes provided the basis for over-
glaze enamels: intensely colored glaz-
es that are fritted, pulverized and then
painted or sprayed onto a glazed body
that has already been fired. The deco-
rated ware is then fired a second time
at a lower temperature to sinter and
bond the enamels to the glaze. The
enamels are formulated to all melt at
the same temperature, usually around
800 degrees C. Overglaze enamels are
particularly important for decorating
porcelain, which must be fired at such
a high temperature that most col-
ors would decompose and diffuse into
the glaze, The enamels placed a wide
range of compositions, colors and tex-
tures at the disposal of artisans.

In 12th-century Persia, ceramic arti-
sans developed overglaze enamels
from lead glazes for a ware called
minai. In general, however, Near East-
ern artisans preferred to paint designs
in colors that were applied under the
glaze (similar to the Chinese blue-
and-white tradition). That technology
reached a peak with the Turkish Iznik
tiles created in the reign of Sileyman
the Magnificent (A.D. 1520-1566). The
tiles are decorated with exuberant flo-
ral designs under a brilliant, clear lead
glaze. To sharpen the contrast be-

CHEMICAL COMPOSITIONS typical of the
glazes on the objects shown here were
determined in the author’s laboratory.
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tween the colors and the background,
the tan clay tile was first covered with
a laver of white quartz paste. Great
care went into formulating the under-
glazes. The artisans made blue, green
and turquoise frits using cobalt and
copper; some of the frits have higher
indexes of refraction than the clear
glaze and so produce strong, saturat-
ed hues. Reds, gray-greens and biack
were obtained from stable pigments
such as iron oxide, chrome ores and
chromite. Iznik tile was a tour de force,
a culmination of glazing artistry that
evolved out of the faience tradition of
the Near East.

odern scientists rarely think

of technological progress as

. something that could have
taken place outside the context of the
scientific and industrial revolutions of
the West, Yet the artisans of antiqui-
ty were able to invent and refine com-
plex and diverse technologies—many
of which have direct analogues in
high-tech ceramics—without the ben-
afit of modern analytical methods, in-
struments or communications. It is
only with the help of those modern
tools, however, that we now know
about their achievements.

New knowledge of ancient glazes
benefits craftsman, connoisseur and
culture historian alike. For example, in
the early 1980's Chinese ceramic tech-
nologists applied knowledge gained
from the scientific study of ancient
celadon production to make exact rep-
licas of Longquan celadon for the first
time since the 13th century. The new
celadons could fool even experts. For
the lover of ceramic art, an under-
standing of the interplay among phys-
ics, geology, culture and history that
underlies the visual properties can-
not but enhance appreciation of these
ancient masterpieces.
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