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History of Ceramics

2.1 INTRODUCTION

Chapter 1 attempted to define “ceramics” and to provide an initial glimpse into some of the materials that comprise the ceramics category.  That was just a small first step towards reaching the ultimate goal of understanding the composition/property/processing relationships of ceramics and applying ceramics to engineer useful products.  Chapter 2 takes a second step by reviewing how the use of ceramics progressed from prehistoric times to our modern times.  Table 2.1 highlights some of the key milestones.

2.2 CERAMICS IN THE STONE AGE

Use of Natural Ceramics

Most of the earth’s solid surface is made up of natural ceramic materials, either as solid rock or as fragments of rock eroded by the forces of nature.  The earliest humans undoubtedly used these natural ceramics as they found them.  Natural crevices between boulders or in hillsides probably provided shelter.  Stones were likely thrown for defense and for hunting.


As time passed, people learned that they could chip rocks such as flint and obsidian to make tools that worked better than as-found rocks.  Prehistoric sites along the shores of Lake Rudolf in northern Kenya have yielded deliberately shaped flint tools that have been dated to about 2.5 million years old [1].  These were crude, consisting of pebbles struck with another rock to form edges sharp enough to cut hide and meat.


During the next two million years, humans spread from Africa to Europe and Asia and continued to make simple stone tools.  By 500,000 years ago Homo erectus became the dominant hominid species with a slightly larger brain than his predecessors.  Archaeological sites indicate that Homo erectus hunted and killed large game (bison, deer, wild boar, horse, and even elephants and rhinoceros), used fire for warmth and cooking, and prepared stone tools of increased sophistication.  Of particular note were hand-held axes that were carefully chipped on all surfaces to produce a durable, versatile tool for skinning and cutting.  These were in use until about 50,000 years ago and are usually referred to as Acheulian hand axes after the site where many of them were found [2].


Homo sapiens (wise man) appeared around 250,000 years ago.  There is very little archaeological information, though, until about 70,000 years ago when the subspecies Homo sapiens Neanderthalis emerged.  The Neanderthals developed their own style of stone tools referred to as Mousterian after the cave site of Le Moustier in France where some of the best examples were discovered.  The Neanderthals were masters at chipping flakes of flint of just the right size and shape for each desired use.  Scrapers were especially important because many of the Neanderthals lived in cold northern climates and needed to prepare animal hides for clothing.  However, they also made small spearheads, hand axes, long knives with one edge sharp and the other blunt, and notched blades for shredding food.


By 35,000 to 30,000 years ago Neanderthal man disappeared and modern man Homo sapiens sapiens became the only remaining human subspecies and made significant advances in making tools of stone, bone, and ivory.  One especially important technique they developed was pressure-flaking.  First they would make the rough shape (such as a blade) by chipping and by the use of wood or bone punches struck with a stone hammer.  Then they would refine the shape by carefully pressing pointed tools along the edges to remove small slivers of flint until the desired shape and edge sharpness was achieved.  These techniques of flintsmithing were employed to produce fine spearheads, axes, arrowheads with an extension for attachment to a wooden shaft, tiny pointed awls for punching holes in hide to sew clothing together with sinew, and even tools for cutting and engraving bone and making jewelry.


Homo sapiens sapiens also pioneered the use of other materials besides stone roughly between 30,000 and 15,000 years ago.  They used their sophisticated tools to carve needles, fish hooks, harpoons, and spear throwers out of bone or ivory [3].


Some of the most important archaeological sites are graves [4].  At least as far back as 40,000 years, Homo sapiens sapiens buried their dead with ritual and symbolism.  The bodies were buried wearing extensive ornamentation and were covered with red ochre (a natural ceramic powder rich in iron oxide).  The ornamentation included ivory beads, sea shell beads, bracelets, and necklaces.  One skeleton was found with strands of over 3500 ivory beads.  A few carvings of ivory and stone also have been found.  A famous one is the “Venus of Willendorf”.  It is a 10 cm high limestone carving of a voluptuous female figure that was carved in Austria about 30,000 years ago.  It probably had fertility significance.

At some distant time in the past, humans learned that they could mix water or perhaps animal oils with colored soil (such as red ochre or various clay minerals) to make pigments that could be used for body decoration.  These pigments eventually were used to paint images of animals on cave walls.  Chauvet Cave, discovered in France in 1994, is decorated with 420 animal images that date back as far as 35,000 years ago [5,6].  Some were painted with red ochre pigment, others with a yellowish clay pigment, and others with charcoal.  Another important cave with wall paintings is Lascaux Cave, also in France.  These paintings were done about 20,000 years ago.


Caves have preserved evidence of another important innovation of prehistoric artisans:  three dimensional sculptures molded in clay.  The term “clay” represents a family of natural ceramic powders that result from chemical alteration of minerals such as feldspar during weathering.  The clay particles consist of tiny thin hexagonal crystals that have an affinity at their surface for water molecules.  As water is added the clay-water mixture becomes pliable, similar in consistency to children’s molding clay.  A three-dimensional shape such as the image of an animal can be hand-formed and retain its shape due to the stiffness (high viscosity) of the clay-water mixture.  The sculpture then becomes hard as it is dried.  It would still soften and erode if exposed to rain or other source of water.  However, if the sculpture was protected in a cave, it might be preserved.  Such is the case for Tuc d’Audobert Cave in France.  Two molded and dried clay bison are still as sharp and detailed as when they were sculpted 14,000 years ago [7].

Synthetic Stone:  Clay Transformed by Fire

No one knows when the first artisan crafted a three-dimensional shape from clay.  No one knows when someone took the next crucial step of placing the dried clay article in a fire, but this was an enormous step for mankind.  It represented the first time that a person invented a new material by using fire to transform a natural material.  


The oldest evidence found so far for firing of clay articles comes from a 24,000-26,000 year old site in what is now the Czech Republic [3,8].  This site consists of a fire pit that appears to be designed specifically for firing pottery.  Fired clay figurines of animals and Venus-like female sculptures were found in and around the pit.  Although no one knows for sure their purpose, archaeologists speculate that the fired clay figurines were used in rituals to assure a successful hunt or fertility.


This first man-made ceramic was a big improvement over dried clay because it did not fall apart in the rain.  It had the characteristics of soft stone, but could be molded to complex shape rather than the tedious process of carving a shape from stone.  We now refer to clay fired at low to moderate temperature as “earthenware”.  In spite of its ancient origins, earthenware is still made today in nearly every corner of the world.

First Practical Use of Earthenware

Even though earthenware was invented at least 26,000 years ago, many centuries passed before it would reach widespread use for practical applications.  Some pots were used in Japan about 12,000 years ago, but widespread use for storage and cooking did not occur until about 7000-8000 years ago.  The rise in production in earthenware pottery coincided with the growth of permanent settlements and agriculture [2,3].  


Early agricultural settlements were established along the eastern coast of the Mediterranean Sea, north in Anatolia (present day Turkey), and east in the regions presently occupied by Iraq and Iran.  Most of these regions were semiarid.  Dwellings were typically made of dried mud and clay and periodically required re-building.  New construction was done on top of old construction.  Thus many of the archaeological sites are mounds that are layered with the oldest strata at the bottom.  Layers dated roughly between 8500 and 6300 BC contained unfired clay articles.  This period is generally referred to as Pre-Pottery Neolithic.  By 6300 BC some crude pottery that was only lightly fired began to be used.  By 6000 BC fired clay articles were in use at most of the sites that have been excavated [2].


One of the largest archaeological excavations has been at Çatal Hüyük in Anatolia [9,10].  Multiple layers were studied that were estimated to have been inhabited between about 6250 and 5400 BC.  All of the layers contained fired pottery.  The pottery in the oldest layer was cream colored and burnished (surface rubbed to provide smoothness and a little gloss), but had little or no decoration.  Pottery in successively more recent layers was usually higher quality (typically fired at increased temperature so stronger and less porous) and contained surface decorations.


All of the evidence at the various archaeological sites indicates that the fabrication of earthenware pottery had become an important widespread craft by 5500 BC for preparation of vessels for food preparation and storage.  All of the vessels were hand built using slabs or coils of damp clay, and some were greater than one meter high.

Other Neolithic Ceramic Innovations

Other ceramic technologies were developed during the Pre-Pottery Neolithic period or perhaps even earlier.  One was the use of plaster-like materials that would set like cement after water was added.  Some of these materials were made with gypsum.  Gypsum is CaSO4 .2 H20.  If gypsum is carefully heated, a portion of the water can be removed to yield CaSO4 . 0.5 H20 (hemihydrate).  When this is ground into a powder and water is added, it will re-hydrate to grow tiny intertwining crystals of gypsum that form a solid (but porous) body.  Today we call this material Plaster of Paris and use it to make wall board, molds, sculptures, and casts (such as for a broken arm).


Ancient people used plaster-like cementitious materials in construction.  Excavations at Çayönü Tepesi in Anatolia, which was inhabited between about 7300 and 6500 BC by a population of 100-200 people, revealed several types of floor construction [2].  One floor was plaster-like.  Another consisted of white limestone cobbles and crushed pieces bonded by a concrete-like ceramic.  While the cement was still wet, salmon colored pebbles and white pebbles were pressed into the surface to form a decorative pattern.  After the concrete set, the whole floor was ground smooth and polished.  A third type of floor consisted of limestone slabs interlaid like tiles. 


Inhabitants of Çatal Hüyük between 6250 and 5400 BC had dwellings with plaster walls.  The plaster was decorated using molded clay relief and incising to produce multicolor geometric patterns resembling woven rugs.  Other decorations were paintings depicting scenes.

Plaster was also known further south in Jericho during the seventh millennium BC, but was used in a different way [4].  When a person died, the body was buried either beneath the floor of the house or in the space between houses, but the head was retained.  When all of the flesh was gone and only the skull remained, the family would carefully mold plaster onto the front of the skull to depict the features of the departed person.  The plastered skull would then be placed in a position of honor within the dwelling along with the plastered skulls of other departed family members.


Another early ceramics invention was lime mortar that was made using a source of lime (CaO) such as from pulverized heated (burned) shells or limestone plus the ashes of salty grasses.  This was mixed with water, used to fill in the spaces between stones (such as in a wall), and hardened like cement without requiring firing.  By around 6250 BC people along the eastern shore of the Mediterranean (region know as the Levant) were making thick-walled vessels using mortar (vaisselle blanche – white ware).  This predated the use of fired clay in that region.

Parallel to the developments of earthenware pottery and various forms of mortar, Neolithic people in the Near East learned that clay bricks became harder and more resistant to the weather by placing them in a fire.  This became increasingly more important as civilizations were established, cities were built, and urban populations grew.  Larger and larger buildings were needed.  One of the first civilizations was established by the Sumerians in Mesopotamia in the 4th millennium BC.  They constructed enormous temples called ziggurats.  The core of the ziggurat was constructed of dried mud bricks.  These were then covered by several layers of fired bricks cemented together with mortar made with waterproof bitumen (tar-like raw petroleum) [3].  


The earliest pottery vessels and bricks were relatively porous because they apparently were fired at relatively low temperature.  As time passed, though, potters learned how to build kilns (furnaces) that could achieve higher temperature and produce higher quality ceramic vessels.  They also developed techniques for applying decorations to their ceramic ware.  As their ancestors had done for centuries for body decoration, cave paintings, and wall paintings, these potters prepared slips of colored clay and painted geometrical designs onto their pottery.  Often they would burnish (polish by rubbing) the surface with a stone to achieve a pleasant sheen.  Other techniques of decoration included incising (scratching) or pressing shapes into the damp clay before firing.


The concept of incising led to a completely different use of ceramic-based materials.  By 8000 BC the first permanent settlements and towns had formed and Neolithic people were starting to domesticate crops and animals.  Trade also was becoming important.  To keep track of exchanges or shipments of grain and animals, people scratched markings onto damp clay tokens.  As cities grew, this practice expanded and became increasingly more sophisticated and eventually evolved into the first written language by about 3500 BC in Sumeria [11,12].  The writing was scribed onto a damp clay tablet using a sharpened piece of reed.  In the early stages of development (about 3500-3000 BC), the language was largely pictograph, but slowly transitioned (by about 2800 BC) into wedge-shaped script that we now refer to as cuneiform (from the Latin word cuneus, a wedge).  Libraries of thousands of dried clay cuneiform tablets (such as the one shown in Figure 2.1) excavated from archaeological sites in the Near East have revealed to us in great detail information about commerce, law, daily life, and even early literature.  

2.3  THE RISE OF TRADITIONAL CERAMIC INDUSTRIES

Ceramic Innovations During the Chalcolithic Period

Prior to about 4500 BC, nearly all tools and decorations were made from stone and ceramics.  Metals were known from natural nuggets of copper and gold and from iron meteorites, but were very rare.  Around 4500 BC people in the Near East learned how to extract copper probably from the green copper ore malachite [13].  This was the beginning of an era where people continued to use stone implements but progressively started to use more and more copper, thus the name Chalcolithic (copper-stone).


Although the exact details can only be speculated, archaeological evidence suggests that ceramics played a substantial role in the discovery of metals smelting and in the subsequent metal production processes.  One possible scenario involves the decoration of ceramics.  Ancient peoples prized colored stones such as lapis lazuli (blue), malachite (green), and azurite (blue).  Lapis came all the way from Afghanistan, so was especially valuable.  Malachite and azurite were more widespread in the Near East, but were not as hard and durable as lapis.  Craftsmen apparently experimented with crushing malachite and azurite, preparing a slip or paste, and then painting this on the surface of pottery and also rocks such as soapstone.  The painted pottery or rock was then placed in a pottery kiln with the hope that the ceramic or rock would take up the green or blue color.  This approach did produce color and eventually did lead to the invention of glazes, but was not sufficient to convert the copper in the ore to metal.


A second condition was necessary to yield copper metal.  The atmosphere condition in the furnace needed to be reducing.  Fortunately, by 4500 BC potters had already learned the importance of controlling the atmosphere inside the kiln [8].  They had learned by experience that the color of their pottery decorations was different if fired in a smoky atmosphere (black) versus a non-smoky atmosphere (red or brown).  This was know as early as 5500 BC in Mesopotamia and was in widespread use by 4000 BC.  Thus, it is likely that someone fired a ceramic article coated with malachite under smoky (oxygen-deprived reducing) conditions and observed little droplets of pure copper.  This then led to designing clay-lined furnaces specifically for reducing copper ore to metallic copper.  As the early metalworkers gained experience, they learned that they could increase the amount of copper they could produce by using charcoal for fuel, by forcing air onto the charcoal to increase the temperature in the furnace, and by designing better ceramic lined furnaces.  They also leaned to make ceramic containers (crucibles) for holding and refining molten metal and to make ceramic molds for casting the metal into complex shapes.  These early technologies were the ancient origin of the refractories industry.


Other ceramic innovations also occurred during the Chalcolithic period.  One was faience [8].  Neolithic earthenware all had a dark color because the clays that were used contained iron as an impurity.  Around 4500 BC someone began experimenting with white quartz pebbles.  They crushed the quartz, ground it into a fine powder, and mixed it with malachite, natron (a sodium-containing salt found in dry lake deposits in the Near East), and other ingredients (possibly ground shells, ashes).  The powders were mixed with water into a stiff paste and formed into a shape (probably in a clay mold).  During drying, the water-soluble salt partially migrated to the surface.  During firing to about 

900 o C, the natron melted at about 850o C to bond the quartz particles together and to act as a flux to react with the malachite to form a glassy blue surface coating.  The temperature was not high enough to melt the quartz, so it remained as white grains.  The result was that the beautiful blue color of the coating was not distorted by the white background as it would be if it were on dark colored earthenware.  This early faience is generally called Egyptian faience and represents perhaps the first example of a colored ceramic glaze.


Two other important ceramic developments occurred during the Chalcolithic period (~4500-3150 BC).  One was the potter’s wheel (probably around 3300 BC), and another was floor and wall tile.  The potter’s wheel allowed an individual to dramatically increase his output of ceramic vessels per day and thus make them available to every household.

Ceramics and the Metals Ages

By around 3600 BC metal workers had leaned the benefits of alloying copper with arsenic or tin.  They didn’t know anything about atoms, the chemical elements, solid solution strengthening, or work hardening, but they did observe that the mixture melted at a lower temperature, had greater hardness and strength, and could be crafted into superior tools and weapons.  Ceramics continued to be a necessity in smelting and processing these metals.  By about 1400 BC the Bronze Age came to an end and the Iron Age began.  Iron required a substantially higher temperature to smelt and process, so more demands were placed on the ceramic furnace linings, crucibles, and molds.  Steel required even higher temperature.  Evolution was very slow for the iron and steel industries.  The iron industry peaked in the 1700s and ushered in the Industrial Revolution.  The steel industry began to peak in the late 1800s.  As these industries evolved and expanded, so also did the ceramic refractories industry.

The Emergence of Glass

Glass is another of our important ceramic-based industries that can be traced back to ancient times [14].  Although we don’t know exactly when glass was invented, most scholars believe it evolved out of faience.  Faience had a glassy coating, but the temperature of the early kilns was not high enough to also melt the quartz (silicon dioxide) grains.  Also the composition was not quite right to form a true glass.  However, between 4500 BC and about 1600 BC, potters improved their kilns to achieve higher temperature and also explored a variety of raw materials.  Someone found a composition containing natron, lime (CaO) and silica that completely melted into glass.


Early glass was highly valued and probably could only be possessed by royalty (such as the Pharaohs) and perhaps rich merchants.  Two methods of fabrication were developed:  casting and core forming.  Casting was achieve by melting the glass in an earthenware vessel and pouring the viscous molten glass into a mold made of earthenware.  Figure 2.2 shows a small cast glass article that was made in Egypt about 1436-1411 BC.

Although the Egyptians probably did not invent glass, they certainly embraced it and experimented with its fabrication.  They pioneered core forming as a means of producing a hollow vessel such as shown in Figure 2.3.  A core having the desired inner shape of the vessel was crafted by hand by compacting a mixture of dung and moist clay around a metal rod.  After the core was dried, a glass worker would insert a rod of ceramic into viscous molten glass and draw out a strand (similar in consistency to taffy) and quickly wind it around the core.  Generally strands of different colors would be alternated.  Then the worker would reheat the vessel and roll the outer surface against a rounded stone to flatten and smear the strands into a smooth surface.

Casting and core forming were slow processes and not amenable to mass production of a low cost affordable product.  By around 50 BC a new technique of glass forming was invented, glass blowing.  Now a glass worker could produce many vessels per day so that the product was affordable to a much larger portion of the population.  Figure 2.4 shows a variety of blown glass from the Roman Empire.  Blown glass became so affordable that spectators attending events at the Colosseum could buy blown glass souvenirs commemorating the event.

Ceramics in Building

All of the early civilizations used ceramics in building.  By the time of the Greek Civilization ceramic bricks, plaster and mortar, mosaic, and decorative tile all were in common use.  The Greeks invented a high-strength water-resistant cement by mixing burnt lime (chalk and sea shells heated to about 900o C to decompose to CaO) with volcanic rock.  The Romans improved on this by adding volcanic ash called pozzulana from Mount Vesuvius and demonstrated that their cement could even set under water [3].


The Romans were great engineers.  They used their cement as a mortar and also as a base for adding various aggregates to make superior concrete.  With these ceramic building materials they constructed aqueducts, bridges, and buildings with unprecedented spans.  One bridge is 60 meters high and stretches over 30 meters across the Tagus River.  Today it supports a four-lane highway.  The aqueducts are equally impressive as shown in Figure 2.5 for one in Segovia, Spain.  It was constructed of cut stone bonded with pozzulanic mortar and lined with hydraulic cement and also is still in use today.  


Perhaps the most spectacular example of Roman construction with concrete is the Pantheon, which was built between AD 115 and 125.  It consists of a hemispherical roof supported only around the circumference by 20 foot thick concrete walls.  The dome spans 142 feet and contains 5000 tons of concrete [3].  To maintain maximum strength and minimize weight, the dome was poured in horizontal layers using three different grades of concrete.  The bottom layer contained brick fragments as the aggregate, the middle layer volcanic lava rock pieces, and the top layer highly porous light weight pumice.


Modern engineers have marveled at the quality of the Roman concrete.  Besides the combination of ingredients, another “secret” to the quality was thorough mixing and ramming into place to decrease porosity.  When the western Roman Empire fell in the 5th century AD, the recipe and technique for high quality cement and concrete were lost and not rediscovered until about 1756.  At that time John Smeaton in England systematically studied the chemistry of cement and concluded that clay or other suitable source of alumina and silica must be added.  This was the beginning of our traditional cement industry.  Currently, approximately one ton of concrete is poured each year for each person in the world, which means that concrete is the most extensively use man-made material.


Parallel to the developments of mortar and cement, glazed tile and bricks became important building materials.  Here the emphasis was more on beauty than structural benefits.  Between about 1750 and 1170 BC new glazes were invented that contained lead. Lead acted as an effective flux that allowed the glaze to melt and freely flow over the surface at a much lower temperature than for prior glazes.  This made possible brighter colors and a wider variety of colors.  

By the end of the 2nd millennium BC blue glazed tile and brick were in use in Egypt, Mesopotamia and Asia Minor.  The scale of use of glazed tile and brick in the ancient world is illustrated by the Ishtar Gate built in Babylon under King Nebuchadnezzar II (604-562 BC).  It was 10.5 meters (34.5 feet) high and contained 575 glazed figures of real and mythical animals.


Lead glazes reached widespread use during the Roman Empire.  After the fall of the western Roman Empire, developments of ceramics and other technologies stagnated as Europe entered the Dark Ages, but continued in the Near East and after AD 632 in the Islamic territories.  One technology that flourished was tiles coated with a glaze containing tin oxide.  The tin oxide glaze was opaque white and could effectively hide the dark color of the underlying earthenware.  When combined with a low-fired lead-base overglaze, bright beautiful colors could be achieved.  The interiors of many Islamic mosques are completely covered with colorful tiles (especially blue) made in this fashion.


Tile making continued as a labor-intensive hand craft until the 1740s.  Up to that time each tile was formed from a slab of pottery clay and a design carefully crafted and glazed.  Then an Englishman Richard Prosser invented transfer printing.  This allowed a standardized design to be prepared separately with a wood block tool and paper and then transferred to the surface of the tile.  Two workers could now produce 1200 tiles in a day, rather than requiring a workforce of 100 people.  This was the first step to tile manufacturing becoming a major industry.


A second key innovation happened a hundred years later.  It was “dust pressing”.  Rather than requiring a moldable clay mixture that took many hours to prepare and later dry, dust pressing involved adding just a little moisture.  The nearly dry powder was placed between two metal plates and compacted by turning a large screw.  The powder particles adhered together and the tile could be fired immediately without requiring a careful drying step.  This enormously decreased the cost of making tile so that ceramic tile became affordable to just about everyone.  People began tiling virtually every room in their house.  Besides beautification, a side effect was a big improvement in hygiene.  As an illustration of the size of the traditional tile industry, enough tiles were manufactured in 1998 to pave a path 100 meters wide completely around the world [7].

Ceramic Whitewares

Another industry that can be traced back to ancient times is whitewares, epitomized by fine porcelain [8].  The whitewares industry can be traced to three roots:  faience, tin glazed ware, and stoneware/porcelain.  Faience and tin glaze have already been mentioned briefly and will be discussed a little more later.  Stoneware and porcelain technology began in China during the Shang Dynasty (1027-771 BC) and will be discussed first.


Chinese potters mixed finely ground “china stone” (petuntse, a mixture of quartz, feldspar, and mica) with white kaolin clays.  This mixture required about 1200o C to fire, but yielded a dense “stoneware” pottery that was much lighter in color than earthenware pottery.  Such a high temperature was beyond the capability of western potters, who could only reach about 1000o C, but was possible in China because of their special kiln designs.  By the T’ang Dynasty (618-906 AD) Chinese kilns had been improved to reach around 1300o C, which made possible firing a true porcelain that was completely white and even translucent.


One type of kiln developed in southern China during the Song (Sung) Dynasty (960-1279 AD) was the “dragon kiln”.  A dragon kiln built in the 12th century that was discovered and excavated near Longquan was about 30 meters long and two meters wide [8].  Constructed of brick arches covered with a thick mound of refractory earth insulation, this kiln was built climbing a 15 to 20 degree slope.  The firebox was at the bottom and the flue at the top to encourage flow of heat through the furnace.  Unfired porcelain items were each placed in a kiln furniture box (with lid) made of refractory clay such that ware could be stacked and essentially positioned along the whole length of the kiln.  It has been estimated that a single kiln could hold as many as 100,000 pieces for a single firing, which represented a substantial level of production.


Firing the dragon kiln was done in stages.  First, a fire was lighted in the main firebox.  Ware near the firebox reached densification temperature first, while ware further up the kiln was preheated.  Fire was then lighted in fire holes further up the kiln sequentially until all of the ware was successfully fired.  Equivalent kiln technology would not be achieved in the West until the late 19th century.


The beautiful white porcelain of China generated much interest and led to efforts to duplicate it elsewhere.  One approach was an extension of the faience concept.  White quartz was crushed, mixed with ground up glass and white clay, and fired.  This became popular in Persia by the 13th century AD.



Meanwhile, but the 9th century AD Islamic potters refined the art of the use of an opaque white tin glaze and developed techniques for applying an overglaze painting with metallic luster.  This led by the 13th century to painting with cobalt blue pigments covered with a colorless glaze, which was modified by the Chinese for use with porcelain.  The Islamic technology spread through spain into Europe and became known as “maiolica”.  By the 16th and 17th centuries, maiolica (such as delftware in Holland) was the dominant form of luxury ceramics throughout Europe.


The faience-derived and maiolica ceramics were not comparable to Chinese porcelain.  Efforts continued during the 16th and 17th century to duplicate Chinese porcelain, but as in the past were based on mixing a glass frit with other ceramic ingredients.  Finally, in about 1708 in Meissen, Germany Count von Tschirnhaus and Johann Friedrich Böttger succeeded in duplicating Chinese porcelain using feldspar as the flux rather than lime or a glass frit.  An important part of the success had involved reaching temperatures in the 1200-1300o C range.


Many technologies came together during the 1700s:  increased understanding of chemistry, availability of the microscope to observe microstructure, introduction of machines and the assembly line approach, and improved kilns.  Whitewares became an important industry in Europe and England and spread to colonial North America.  Stoneware production was begun in the colonies in 1720 and porcelain in 1770.

2.4  FROM TRADITIONAL TO MODERN CERAMICS

The whitewares industry grew through the 1800s as population increased and as a larger portion of the population was able to afford fine ceramics.  Then something new happened.  People began to understand electricity and to build electrical devices.  They discovered that porcelain was an excellent electrical insulator and that impurities such as iron were detrimental.  Researchers began to improve existing ceramics by more carefully refining the raw materials and even synthesizing pure ceramic powders by chemical reactions.  They also invented new ceramic compositions with special characteristics necessary to satisfy the demands of new high technology applications.


A good example was the emerging automobile industry [7].  The reciprocating engine required a spark plug, which in turn required a reliable electrical insulator.  The first spark plug insulators were made of porcelain and fabricated on a potter’s wheel.  They weren’t very reliable; a driver would be lucky to travel 50 miles without having to replace a spark plug.


The early spark plugs were made from a traditional porcelain composition fabricated with naturally-occurring clay, flint, and feldspar.  Researchers determined that additions of aluminum oxide (alumina, Al2O3) resulted in improvements, but this caused two other problems.  First, higher alumina compositions required higher firing temperature.  For example, the baseline porcelain composition could be fired below 1300o C, while an 80% alumina composition required about 1425o C and a 95% alumina composition ultimately would require about 1620o C.  New furnace technology had to be developed to achieve these high temperatures.


The second problem was forming the complex shape needed for the spark plug insulator.  The baseline porcelain composition included enough clay for the mixture of powders to stick together and be workable enough to shape simply by adding water.  Water alone did not work when clay was replaced by alumina.  A whole new technology of additions of organic binders and of high-rate shape forming processes (such as injection molding and dry bag isostatic pressing) had to be developed.  Figure 2.6 shows a modern high-alumina spark plug insulator (fabricated by dry bag isostatic pressing) next to a completed spark plug assembly.


One of the early spark plug developers was AC Spark Plug.  By 1920 they were producing 60,000 spark plugs per day for World War I aircraft.  By 1949 more than 250 million high-alumina automotive spark plugs were being produced per year, and today more than three million are produced worldwide each day.  The dramatic rise of the automotive industry drove a rapid growth in ceramic science and technology.  As the 20th century progressed, other favorable characteristics of the alumina ceramics were recognized:  high hardness and excellent corrosion resistance up to high temperature.  This led to advanced applications as abrasives, laboratory ware (mortars and pestles, filters, etc., such as shown in Figure 2.7), wear resistant parts, and refractories.  By 1995 approximately five million metric tons of high-alumina products were being manufactured each year.


Alumina was the pioneer of synthesized, highly engineered modern ceramics.  The science, techniques, and technologies learned for alumina during the first half of the 20th century were applied to a wide range of other ceramic compositions.  Whole families of new ceramics were developed:  magnetic ceramics, optical ceramics, high-temperature ceramics, high-strength ceramics, piezoelectric and other dielectric ceramics, semiconductor ceramics, electrochemical ceramics, bioceramics, single crystals, and specialty glasses.

2.5  SUMMARY

Ceramics is one of the oldest professions, dating back to the time that the earliest civilizations were forming.  Traditional ceramics (earthenware, bricks, tile, refractories, glass, cement, and whitewares) have evolved over many centuries and continue to be indispensable today.  Within the past century, though, there has been an enormous (virtually exponential) increase in the number and uses of ceramics.  An engineer now needs to have a much broader awareness and understanding of ceramic materials.  The next chapter identifies some of the key ceramic materials and/or families of materials and some of their applications/products.  Subsequent chapters then focus on the relationships of composition, structure, processing, microstructure, and behavior that you need to know to effectively engineer with modern ceramic materials.
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CHAPTER 2 STUDY GUIDE

1.  Explain the significance of learning to convert clay into a hard ceramic by firing.

2.  What is gypsum plaster, and why was it an important early discovery?

3.  What was the role of ceramics in the development of a written language?

4.  What was the role of ceramics in establishing a metals industry?

5.  What was the connection between lime mortar and the high quality cement later developed by the Greeks and Romans?

6.  What are the differences in characteristics of a lead glaze and a tin glaze?

7.  Why was “dust pressing” an important innovation?

8.  What were some key factors that enabled a transition from traditional ceramic industries to modern ceramics technology, processing, and applications?

Table 2.1  Key Milestones in the Evolution of Ceramics

	Approximate Time
	Description of Milestone

	24,000 BC
	Clay mixed with water, molded into a shape, dried, and fired to produce the first man-made ceramic “earthenware”

	10,000 BC
	Early use of earthenware for useful articles such as containers

	7000-6000 BC
	Lime mortar used for filling spaces between stones in construction and also for making thick-walled containers

	7000-5000 BC
	Widespread use of earthenware for food storage and cooling

	7000-5000 BC
	Widespread use of plaster-like cementitious ceramics in floor  construction and as decorated interior wall coatings

	4500 BC
	Ceramics used to line crude kilns to smelt copper from its ores and make possible the Chalcolithic, Bronze, and Iron Ages

	4500-3500 BC
	Fired brick shown to be more durable than dried mud bricks

	4500-3500 BC
	Development of early faience to produce white ceramics with bright blue glassy coatings; precursor to development of glass and glazes

	3500-2800 BC 
	Evolution of first writing consisting of pictographs and “cuneiform” symbols inscribed in clay tablets

	3300 BC
	Potter’s wheel invented, making earthenware pottery available and affordable for just about everyone

	2500-1600 BC
	From early isolated examples of glass to well-established craft

	1750-1150 BC
	Variety of glazes developed including lead glazes and colored glazes

	1025-750 BC
	Early developments in China of stoneware, which was lighter in color, stronger, and less porous than earthenware

	500-100 BC
	High strength concrete developed by Greeks and Romans and used widely in construction especially by the Romans

	100-50 BC
	Glass blowing invented making glass items available to other than royalty and aristocrats

	600-800 AD
	Evolution of high quality porcelain in China

	800-900 AD
	Islamic refinements of the use of white tin-based glazes and lustrous over-glazes

	1740s
	“Transfer printing” invented to greatly increase the rate of production of tiles

	1840s
	“Dust pressing” invented to further dramatically increase rate of production of tiles, but also would become the uniaxial pressing process that would become the workhorse of modern high-volume production of polycrystalline ceramics

	Late 1800s
	Demonstration of successful laboratory synthesis of single crystals of ruby and sapphire

	Early 1900s
	Increase in the temperature capability of production kilns to greater than 1400 oC and later to above 1600 oC

	Mid 1900s
	Establishment of alumina-based ceramics and introduction of a wide range of new engineered ceramics

	Late 1900s
	Development of ultra-high-temperature, high strength, and high toughness ceramics and ceramic matrix composites
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EARTHENWARE


Major breakthrough; first man-made material, achieved by transforming a molded shape of soft clay into a hard stone-like article of ceramic.





GYPSUM PLASTER


and LIME MORTAR


When a powder mixed with water, chemically reacted to produce at room temperature a rigid ceramic body.





FAIENCE


White ceramic coated with a glassy blue coating; early step towards development of glass and glazes.





REFRACTORIES INDUSTRY


Ceramics enabled the emergence and production of metals by comprising the furnace linings and containers (crucibles, molds) that could withstand the high temperatures and contact with the molten metals.





By Greek and Roman times, ceramics were widely used in building


Bricks


Plaster


Mortar


Concrete


Mosaic


Decorative tile





Stoneware and porcelain were the beginning of the whitewares industry





Evolution of alumina spark plug insulators played an important  role in transition from traditional ceramics to highly engineered modern ceramics.








