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Introduction


SPRING HAD COME TO ITHACA—for the second or third time that year—with mild temperatures melting the mounds of grimy snow, snowdrops peeping through here and there, and V's of Canada geese honking exuberantly overhead on their journey northward. I was giving a lecture to my sophomore-level materials science class at Cornell. A glance at the students told me I was losing them in the haze of an April morning. I wondered what I could do to prop open their spring-heavy eyelids. I had been talking about the heat treatment of steel. In an act of desperation and hope, I abandoned my course notes.

“Isn't it remarkable,” I asked, “that just a sprinkle of charcoal, which we use in our backyard barbecues, changes iron into steel, and transforms a weak metal into a strong one? And isn't it lucky that both iron and charcoal are so cheap? What form would our world take without iron and steel?”

The change in my voice caused a few eyes to open. One student replied. “Well, it's hard to imagine a Corvette without iron and steel.”

“And of course sports cars are the highest expressions of civilization,” I teased the student. “In addition to your car,” I continued, “our great cities would not exist today. There would be no spectacular bridges, no skyscrapers housing tens of thousands of people. Steel became cheap just after the middle of the nineteenth century, thanks to the ingenuity of the English inventor Henry Bessemer. Before the Bessemer process, train tracks made of wrought iron were quickly squashed out of shape and had to be rotated every three to six months. Imagine doing that in today's subways.”

I seemed to have attracted their attention, so I pressed on. “Iron was once more valuable than gold. One of the most important technological revolutions of human history was triggered by the transformation of iron from a rare to a common or working metal. We call the era the Iron Age. Perhaps a good name for the past century would be the Steel Age.”

I explained that Britain had been the world's leading producer of steel in the nineteenth century. She had lost her position of dominance at the turn of the century, first to the United States, thanks to the vision of Andrew Carnegie, and then to Germany. If Britain's decline in steelmaking foretold her fading as a world power, what was that telling us about the United States, where several major steel companies have failed in the past decade? The United States Steel Corporation recently dropped “steel” from its name to become USX. But perhaps, I speculated, the time when steel production is the primary gauge of industrial strength has passed. Steel has lost its romantic allure, submerged beneath a stream of exotic new materials flowing out of industrial, government, and university laboratories. Today, silicon is the most sensitive indicator of a nation's economic climate. A “chips barometer” that uses a scale graduated in millions of chips per year has replaced the old “steel barometer” whose scale was measured in millions of tons.

Later that morning, between lectures, I thought about other ways I could have made my point about materials and the progress of nations. I thought about my flight home from Washington the night before. Jet aircraft can fly passengers in comfort at altitudes of 30,000 feet due to the high-strength aluminum alloys in their fuselages and the high-strength nickel alloys in their engines. Alloys are critical because, curiously, pure metals are extremely weak. I sometimes illustrate this point to my classes by asking a particularly frail-looking student to try to bend rods of pure aluminum one inch in diameter across his knee, silently praying that he doesn't destroy his joint in the process. But the aluminum never fails me. And the students are always delighted as one of their own twists the bar into a pretzel shape. So aluminum is too weak to be used by itself for fuselages, which protect passengers from the minus 50 degree Fahrenheit temperatures and air pressures lower than those found atop Mount Everest. Metal alloys can be a thousand times stronger than this aluminum bar.

The road to the jet fuselage was paved by disaster for the reason that early designers did not fully understand the materials with which they were working. The tragic crashes near Rome of the British Comets, the first commercial jets, come first to mind. Built by de Havilland in the early 1950s, the jet's designers had made the windows rectangular, and tiny cracks formed in the vicinity of their corners, where stresses were highest. Each time the plane took off and landed, these cracks lengthened, and eventually the fuselage came apart. Happily, today's jet aircraft do much better. (Still, whenever I board a plane, I compulsively scan the area around the door for small cracks. A colleague at Cornell always checks the plane's manufacturing date.) Once in a great while metal fatigue still causes a disaster, such as when part of the fuselage of an Aloha Airlines plane peeled off over the Pacific in 1988.

The Comet accidents had enormous economic consequences. Britain lost its large lead in the commercial jet aircraft business to the United States, where companies like Boeing began to dominate the industry, and still do. The loss was catastrophic for the British economy and perhaps signaled the end of one of the greatest economic empires of the post-Renaissance.

Materials not only affect the destinies of nations but define the periods within which they rise and fall. Materials and the story of human civilization are intertwined, as the naming of eras after materials—the Stone Age, the Bronze Age, the Iron Age—reminds us. For example, turmoil in the eastern Mediterranean toward the end of the second millennium B.C.E., resulting in shortages of bronze, helped launch the Iron Age and made it easier for the Hebrews to establish themselves in the land of Canaan following their exodus from Egypt. The Jews despaired over ever conquering Canaan, the land their God had promised them, not because of a lack of iron will, but very likely because of a lack of iron. This shortage hindered the Jews in the eleventh century B.C.E., a time of transition between the Bronze and Iron Ages, because the Philistines who ruled Canaan had mastered iron metallurgy, and they had not. The Old Testament is filled with references to the connection between materials and human destiny.

Now there was no smith to be found throughout all the land of Israel; for the Philistines said, “Lest the Hebrews make themselves swords or spear,” but every one of the Israelites went down to the Philistines to sharpen his plowshare, his mattock, his ax, or his sickle…. So on the day of battle there was neither sword nor spear found in the hand of any of the people with Saul and Jonathan; but Saul and Jonathan had them. (1 Samuel 13:19–22)

Despite these handicaps, Saul was able to defeat the Philistines, at least to a limited extent, before losing favor with God. Saul's victories (including one resulting from a particularly well-slung stone—a throwback, literally and metaphorically—by David) apparently allowed the Israelites to acquire the knowledge of working iron, though the Old Testament does not tell us how this occurred. This new technology may have contributed to the later successes of David and Solomon.

Materials guided the course of history. Iron contributed to the conquest of Canaan first by Sargon of Assyria and then by Nebuchadnezzar of Babylon, and brought about the destruction of Jerusalem and the Babylonian exile of the Jews in the sixth century B.C.E. But the capture of Babylon by the Persian king Cyrus also freed the Jews to return to Palestine, an event that stimulated the development of hotter kilns. Hotter kilns in turn led to the blowing of glass, which transformed glassware—bottles in particular—from rare to commonplace items, and gave the world its first transparent and sturdy windows. Athenian silver mines allowed the Greeks to block the Persians from expanding into the Aegean; gold from Thrace gave Alexander the where-withal to create an empire such as the world had never seen; China was the birthplace of paper and gunpowder, both of which shaped the modern world it is today struggling to enter.

History is an alloy of all the materials that we have invented or discovered, manipulated, used, and abused, and each has its tale to tell. The stories of some materials, like diamonds and gold and platinum, involve opulence and mystery. The stories of iron and rubber are more mundane, reflecting the fact that they are industrial, indecorous substances. But all these materials have had a profound influence on human history, and to tell the story of each one means spanning many centuries and crossing enormous geographical areas, from South America—source of platinum and rubber, and the great quantities of gold and silver that supported Spain's adventures and misadventures beginning in the sixteenth century—to Great Britain, where the very modern problem of shortages of natural resources triggered a sequence of events leading to the Industrial Revolution, and finally, to the United States, center of material innovation for much of this century, home to the computer and information revolutions ushered in by silicon and optical fibers.

Yet wherever the story of materials takes us, it begins with and returns to the unique properties of each substance. Why, for example, glass shatters when dropped while metal does not. Why rubber is so different from either glass or metal, except when it is cold (a fact tragically apparent on a frigid January morning in 1986, when the Challenger space shuttle exploded). Why atomic-scale defects make metals weak, and why we can use those defects to make them strong again. Why flaws in ceramics are both different in nature and larger in scale, and why, until these flaws can be controlled, ceramics will never be used in the demanding applications now on the drawing board for the next century, such as the hypersonic plane, capable of taking travelers halfway around the world in a few hours. Why there is a thing such as metal fatigue, the culprit in the Comet and Aloha Airlines accidents. And why the similarity between bone and wood, nature's building materials, and fiberglass and graphite composites has led to the latter's use in boat hulls, fishing poles, and tennis rackets, as well as in Voyager, the lightweight airplane that circled the earth without refueling in 1986.

Because materials and their uses have evolved, they lead us back to the foundations of human society, and map the movement from a hunter-gatherer style of life toward a more sedentary existence centered around cities. Dense areas of population develop as the materials that foster them become more sophisticated; the denser the population, the more sophisticated the building blocks. So, too, the higher we go literally (airplanes, skyscrapers) the more complex the substances that take us there.

This book will seek to address the question, “How did materials shape our culture?” It is an enormous question, and there is not one answer but many, as interrelated as a set of Russian nesting dolls. What I do as a materials scientist is part of a continuum stretching back to the beginnings of human life on earth. The urge to innovate, to seek improvements in our material environment, to profit from those improvements, and most important, to survive, have their origins millions of years ago. Early humans were by necessity materials scientists all, constantly testing and improving upon what they found at hand. A comparison of what they had to work with and what we have today illuminates what our lives would be like were a particular substance not available to us.

What the earliest humans found at hand was stone. Later they discovered clay and how to fire it, which was hugely important to the growth and viability of large cities. This innovation (leading to the production of ceramic pots in large quantities), which occurred in the area of Anatolia, in modern-day Turkey, eight thousand years ago, made possible the easy cooking and storage of liquids and grains, as well as their transport. Since the earliest known examples of writing appear on clay tablets unearthed in Mesopotamia, we know that clay was as important for storing information as it was for storing food. Because of the durability of these tablets, archaeologists have been able to recover remarkably detailed records going back five thousand years. In fact, clay tablets had a far greater chance of surviving over the millennia than papyrus, so we have more “hard” facts about life in ancient Mesopotamia than we do about events that occurred in Palestine a thousand years later. Clay is still vital for storage, since one of its elemental constituents is silicon, whose semiconducting properties form the basis of the personal computers that today store most of our data.

Few countries would be able to survive solely by exporting their natural resources or agricultural products. The economic security of most nations has always depended on their ability to manufacture and market technologically advanced products. With limited natural resources and farms hopelessly unsuited to competing in the international marketplace, Japan, until recently, provided a textbook example of a country able to sustain a robust economy almost entirely through technological capabilities. This means filling a continuous demand for improvements on old materials, as well as inventing wholly new ones. Innovations often occur when people are experimenting with new ways to process old materials. As Tadahiro Sekimoto, until recently president of Nippon Electric Corporation, said, “Those who dominate materials, dominate technology.” And, the ancient Romans might have added, dominate the world.

Today, substances such as silicon are revolutionizing the way we live. Others, while still laboratory curiosities, are emerging. What materials await discovery? Perhaps some that will enable hypersonic flight at twenty-five times the speed of sound. They may seem as fantastical as the “tritanium” and “dilithium crystals” so beloved by aficionados of Star Trek, but they are waiting to be found. We are currently witnessing an intense international effort involving high-temperature superconductors, which, below a particular temperature, have absolutely no resistance to electrical current. This property holds out the promise of a dazzling variety of innovations, including high-speed levitating trains and electricity transmission without energy loss. But despite much hyperbole, at present these superconductors are making profits primarily for companies marketing demonstration kits for educational purposes and supplying materials to research laboratories. Materials scientists will have to study these superconductors for many more years before they find significant commercial applications. Moreover, these applications will likely emerge serendipitously—by accident and luck—from research projects whose initial goals were quite different.

This, too, has always been the case. As it was with their ancient counterparts, what materials scientists discover is most often not what they had started out looking for. And what motivated early humans still drives us. Whether necessity, greed, or an unstoppable curiosity, these motivations, when we can identify and understand them, might give us the wisdom to avoid the mistakes of the past while matching its greatest successes.

I have a further reason for writing this book. My children have grown up in an affluent society, surrounded by and benefiting from technologies that make their lives secure and comfortable. They fly across the country in just a few hours to visit their grandparents in Idaho. My oldest son, Adam, talks on the telephone with a friend in Israel seconds after direct dialing. When I was a high school student in New York City in the 1950s, I did my complex mathematical calculations on a slide rule that swung rakishly from my hip, calculations that my son Erik now does on his ten-dollar, credit card–sized calculator in a fraction of the time and with far greater precision. My children have very little idea of what is behind these and other marvelous inventions, which they see as so commonplace. This book is to help them appreciate and wonder at the material nature of our world. Perhaps with talent and luck and perseverance they or their peers will discover an extraordinary new substance.

Inherent in my tale, I hope, is also the excitement of discovery. Trying to convey this very special feeling to students in my laboratory, or in answer to my wife Karen's question, “why do you enjoy doing research?,” I often relate the story of the unearthing of the tomb of Tutankhamen in 1922 by the archaeologist Howard Carter. “Can you see anything?” asked his patron, Lord Carnarvon, who was standing anxiously behind Carter as he peered into the tomb of Tutankhamen for the first time. “Yes,” Carter replied, “wonderful things!”

A disclaimer is in order. As a materials scientist concerned with the relationship between metals and ceramics, my research involves manipulating these materials’ atomic structure and microstructure, to formulate new substances. I am neither an archaeologist nor an historian. My primary hope here is to offer an overview of the synthesis of materials and history. The authors of many archaeological and historical surveys may recognize my debt to them, and it is a debt I gratefully acknowledge.

Since the time scales involved span thousands and, in some cases, millions of years, the following approximate chronology provides a frame of reference for the human activities discussed here:




	
Historical Name


	
Time Period B.C.E.





	
Stone Age


	
2,000,000





	
Lower Paleolithic


	
1,500,000





	
Upper Paleolithic


	
40,000





	
Neolithic


	
8500





	
Modern Era (End of the Ice Age)


	
8000





	
Chalcolithic


	
4500





	
Bronze Age


	
3150





	
Abraham, Isaac, and Jacob


	
1750





	
Iron Age


	
1200





	
Moses and the Exodus


	
1200





	
Alexander the Great


	
330





	
Caesar Augustus rules Rome


	
0







Unless noted otherwise, all temperatures in the text are in Celsius.
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The Ages of Stone and Clay

The High Priest of Kulaba formed some clay and wrote words on it as if on a tablet—

In those days words written on clay tablets did not exist,

But now, with the sun's rising, so it was!

The High Priest of Kulaba wrote words as if on a tablet, and so it was!

—Enmerkar and the Lord of Arratá1

GAZING ACROSS THE STARK, sunbaked land- and waterscape of Salmon Creek Reservoir, set in the sagebrush desert of southern Idaho, I was alert to any motion of the tip of my fishing pole, propped up by rocks. My family and I often visit my in-laws in Twin Falls, Idaho, and we always go fishing for rainbow trout. Erik, my younger son, back from exploring the barren cliffs, came running up to me, clutching a black stone different in appearance from the slabs of lava rock scattered along the shore about us.

“Dad, what's this?”

Turning the dull stone over in my hand, I told him it was obsidian. “It's glass—different from most rocks. More like a frozen liquid than a crystalline solid.” When I started to explain that it had a different atomic structure than many other minerals, his gaze drifted away. I turned and threw the piece of obsidian against a nearby rock, shattering it into shiny, razor-edged chunks. “Native Americans around here and people in the ancient Near East used obsidian to make axes and arrowheads, because it splits into lots of sharp pieces.” Glass is one of many materials that craftspeople used thousands of years ago that we still employ, albeit in very different ways. I told Erik that today phone companies were replacing copper wires with optical fibers made of very pure and ultra-clear glass.

“Well,” Erik asked, perhaps less concerned with these facts than the rock he had found, “why is obsidian black?”

“Clear glass is made from silicon, oxygen, sodium, and calcium,” I replied. “But obsidian contains dirt, small amounts of other atoms that make it black. The first people could make tools out of rocks like this, which is why we humans did so well. Glass was as high tech ten thousand years ago as it is today.” Satisfied, Erik checked his rod and went off to look for other rocks.

A few days later, we were looking out across a large moraine at the spectacular vistas in Rocky Mountain National Park. Once the basin before us was clogged with glacial debris—large boulders and rocks—now hardly to be seen, though the U-shaped valley is the signature of a glacier melted long ago. The displays in the park exhibit at Moraine Basin remind visitors that rocks erode because slightly acidic water attacks the cement that holds minerals together. Most rocks do not have a uniform structure like obsidian, but are composites of several different constituents, similar to concrete, an artificial pourable stone, in which mortar bonds together sand and hard rocks. In nature, heavy loads are always supported by composite structures, not homogeneous materials. Mimicking nature, humans also use composite materials for their most advanced applications. We'll learn why later. First let's turn to the earliest tales of materials.

Early humans faced overwhelming obstacles to survival. They needed food for sustenance, weapons against predators—both animal and human—and shelter from an often brutal environment. In their desperate struggle, our ancestors came to realize that the gray-brown-black rocks they found scattered about them were useful for making weapons and tools; flint and obsidian were particularly desirable. Anthropologists have uncovered the earliest evidence of stone implements in the Rift Valley of East Africa. More than two million years ago, humans were first finding ways to master nature, and the earliest stone artifacts discovered in the Olduvai Gorge consisted of flakes, or thin chips, and the stones from which they were struck. No one yet knows what these stone implements were used for, although the fact they were frequently found near bone fragments suggests that our ancestors used them to butcher animals, ranging in size from elephants and hippopotami to rodents and tortoises. Sharp flakes could slice through tough hides, while stones broke open bones to get at the marrow. Since anthropologists believe the diet of these early folk was more than half vegetarian, they likely also used stone tools to dig up roots and tubers, and crack open hard-shelled nuts.

Perhaps not coincidentally, the separation of the genus Homo (man) from Australopithecus (southern ape) occurred at approximately the same time as the first appearance of simple stone tools. It is still unclear whether Homo fashioned rudimentary tools and Australopithecus did not; it is conceivable, however, that the ability to make tools gave Homo an advantage in the battle for survival over Australopithecus, which eventually became extinct. Nevertheless, Homo survived for other reasons, including the sharing of responsibility for gathering wild plants and hunting game. Cooperation within a hunter-gatherer group was the first step toward the specialization in crafts leading to innovations in both their world and, ultimately, ours.

Early development of simple collections of stone implements—or tool kits, as they are called—appears to have taken place entirely in Africa and progressed at a very slow pace, because food was readily available. Where there was enough to eat, there was no need to innovate. Pressure on the food supply by an increasing population forced these early folk to develop new and better ways to hunt and gather food. It was during the Lower Paleolithic period that early humans spread out of Africa to parts of Asia and Europe, perhaps 1.5 million years ago. At about this time, the ancestor of modern humans, the species Homo erectus (man who walks upright) emerged. Homo erectus, with a brain larger than such predecessors as Australopithecus, walked with a striding gait and differed from modern humans primarily through its larger jaws and teeth. With additional enlargement of its brain and changes in facial structure, a new species, Homo sapiens (wise man), appeared around 250,000 years ago. Further division into subspecies occurred, including the famed Homo sapiens neanderthalensis and culminating in Homo sapiens sapiens, modern humans who emerged 100,000 years ago, and who replaced all other human types on earth by approximately 30,000 years ago.

Among our ancestors’ tools, hand axes—large cutting implements with two planar faces meeting at a shallow angle—were the primary product of stoneworking, though early peoples also fashioned scrapers for cleaning animal hides, as well as knives and toothed implements. With time, artisans developed sophisticated flaking techniques, which they used masterfully to craft flint tools. Instead of laboriously chipping individual blades, they first carefully prepared a plump cigar-shaped flint core, from which they then rapidly struck several blades—an early version of mass production. As the final step in this “Levallois technique,” as it is called, stoneworkers retouched the edges of the flint blades with well-aimed blows.

Cementing hand axes into wooden handles with tree resin or bitumen (allowing ingenious early artisans to take advantage of the lever principle and increase the velocity of the axblow), a crucial innovation. They fashioned bone, ivory, and antler into new tools. One such class of new implement was the straightener for wooden shafts. These straighteners enabled the invention of the arrow, which revolutionized both hunting and fighting by allowing killing at a distance. By this time, high-quality stones were much in demand and were frequently traded over long distances. Flint, for example, was shipped eighty miles to sites in the former Soviet Union.

To survive the harsh winters of middle and northern Europe, Homo sapiens stitched together animal skins using bone needles. Finds from north of Moscow, dating from 22,000 years ago, include leather caps, shirts, jackets, trousers, and moccasins. Fox and wolf furs provided additional insulation. These people also built substantial shelters, fashioning the walls of their huts from large numbers of mammoth bones. They made stone floors, lamps holding animal fat to light the long winter nights, and fireplaces for heat and cooking. Excavations show they understood the role of draft in making hotter fires, for their hearths were frequently complex structures, with corrugated floors to increase the flow of air to the wood fuel. Many thousands of years later, this simple idea would lead to furnaces hot enough first to fire clay pieces, then to extract copper and iron, and finally, to melt and blow glass.

The stone tools in use just before the start of the Holocene, or Modern Era, usually dated ten thousand years ago, indicate that humans were still hunter-gatherers. Archaeologists have unearthed spear and arrow tips fabricated from both stone and bone, with long grooves to make wounded animals bleed more heavily, thereby speeding their death. Together with wooden shafts found in northern Germany, they demonstrate that hunters had added bows and arrows to their arsenal. Fishhooks made of bone originate from the same period, as do weapons such as the harpoon and the spear thrower, a leather-thonged sling, allowing hunters to increase the range and velocity, and therefore the impact of their spears, encouraging them to stalk larger and more dangerous game. Mammals that had survived earlier ice ages, such as the woolly mammoth and great deer in Europe, and the giant buffalo and giant Cape horse in Africa, became extinct toward the end of the last Ice Age, possibly because of the increased sophistication of the hunters and their weapons.

An extraordinary discovery occurred roughly 26,000 years ago, when artisans at a site in what is now the Czech Republic mixed clay with loess, rich soil left behind by retreating glaciers, and then fired it in ovens (the word ceramic comes from the Greek keramos, meaning “burnt stuff”). Clay was the first substance that humans totally transformed by heating. Many modern materials undergo similar metamorphoses when heated. Soft doughy clay is remarkable because in a kiln or oven it becomes a hard, heat-resistant ceramic that can hold liquids. Along with the discovery that grains could be cultivated, the advent of ceramics led to what some have called the Neolithic (“new stone”) Revolution, laying the agricultural basis for the first cities of the world that emerged in Mesopotamia, between the Euphrates and Tigris Rivers in what is now Iraq.

Artisans at the Czech site fashioned Venus-like figurines from clay. Curiously, most of these were found shattered, and scientists speculate that they were fired so as to break purposely, perhaps as part of a religious ritual whose meanings are lost to us. Ceramic pots were first fired in Japan twelve thousand years ago, but only much later, during the seventh millennium B.C.E., were potters able to make them in sufficient quantities to have any significant impact on the economy of early villages.

Discovering how to produce a ceramic by firing clay was a milestone in our quest to master nature, and its importance can't be overstated. Up to that time craftspeople had transformed stone, bone, and wood into tools and weapons by altering their shape, not their intrinsic properties. With ceramics from clay, humans learned that the physical properties of materials could be dramatically improved.

In antiquity, most advances involving materials were based in some manner on this simple concept. (They frequently are today as well.) Early humans had discovered that heating flint and chert allowed them to be more easily cleaved, so, strictly speaking, clay was not the first material humans modified. Clay is, however, the earliest example of a complete change in the property of a material that involved a major technological advance; it was, in this sense, the first truly man-made material.

Clay had the additional advantage of being malleable, making it easier to use than stone in the fashioning of pots and sickles, both rather complex objects. Clay can be easily shaped because its layered atomic structure leads to the formation of thin plates called lamellae, each weakly bonded to its neighbor. Individual layers are built up by periodically repeating an octahedral, or eight-sided, arrangement of oxygen atoms enclosing an aluminum atom (imagine an eight-sided cage of oxygen atoms, with a triangular array of three oxygen atoms making up each side, and with an aluminum atom at the center of the cage), and a tetrahedral, or four-sided, arrangement of oxygen atoms with a silicon atom at its center (imagine a four-sided cage of oxygen atoms, with a triangular array of three oxygen atoms making up each side, with a silicon atom at the center of the cage). Both the octahedra and tetrahedra are tilted over on their triangular sides. Larger platelike clay crystals are built up by interweaving layers of octahedra with layers of tetrahedra and water molecules. These thin crystals move easily past one another, like playing cards in a deck, allowing clay to be shaped. Clay's remarkable transformation to a ceramic occurs when water and hydroxyl molecules (made up of a hydrogen and an oxygen atom) are driven off upon heating. As the water evaporates, clay shrinks significantly, and new atomic structures are created.

When the atomic structure of clay changes, so do its properties. The element carbon demonstrates this change even more dramatically. As graphite, which has a layered structure similar to clay, carbon is slippery, soft, and black, hence its use as a dry lubricant and as the lead in pencils. Under extremely high pressures and temperatures—found in nature only deep within the earth—graphite transforms into diamond, which has quite a different atomic arrangement: a three-dimensional network instead of a two-dimensional, layered structure. This network makes diamond transparent and extremely hard; in fact, it is the hardest substance known on earth.

How was the firing of clay first discovered? Perhaps it was by a mason observing the effect of the sun on his bricks. Or by a woman idly shaping clay during cooking, dropping her handiwork into the campfire and then finding a rock-hard solid among the ashes. From such mundane events, lost to recorded history, are born revolutions in technology.

Once our ancestors had learned how to transform clay into ceramic, they applied this valuable lesson over and over again, developing new ways to manipulate materials’ properties to their benefit by using both heat and mechanical energy (in other words, hammering). Sometimes the structure would be changed on the atomic level, as when clay is fired to a ceramic, and sometimes on a larger scale, as when metals are forged into new shapes. While the process of firing clay to obtain ceramics is commonplace (schoolchildren do it every day), its discovery made possible innumerable innovations in materials.

Most historians consider the end of the last glacial period, about ten thousand years ago, as the start of the Modern Era. As the average temperature on earth increased, ice fields receded and oceans rose from their lowest point of 400 feet below today's levels, engulfing vast stretches of coastline and severing the land bridge between Asia and North America. Loess deposited by retreating glaciers became fertile ground for meadows and pioneering trees such as birches, creating verdant pastures for animals and a rich bounty for hunters. Humans still made tools and weapons from stone, and so the beginnings of the Modern Era overlap with the end of the Stone Age (defined as the Neolithic and Chalcolithic—“copper stone”—Periods). Of course, different civilizations begin using particular materials at different times; indeed, some native tribes in the Amazon still use stone implements. For my purposes, I will define the start of an age as the moment when a material first began playing a significant role in the life of a society.

The transition from a nomadic hunter-gatherer lifestyle to a sedentary existence was crucial and first occurred, so far as we know, in the Near East. Evidence for this gradual shift is found in the Natufian culture (10,300 to 8500 B.C.E), which derives its name from Wadi en Natuf, wadi being Arabic for “streambed,” where traces of its existence were first uncovered in the environs of present-day Israel. The Natufians established permanent settlements, sometimes exceeding one hundred inhabitants. These settlements typically overlooked marshy areas, which attracted game in search of water and provided ample opportunities for hunting, as well as for fishing and gathering vegetables. Their front yard was their larder. Caves overlooking the sea at Kebara at Mount Carmel and an open-air site facing the Jordan River at Eynan in the Hula Valley were all hospitable locations.

Archaeologists investigated three levels of villages at Eynan. Each consists of fifty round houses built of stone, with floors below ground level, walls three feet high, and roofs of conical or hemispherical shape. Since there was no evidence for either the domestication of animals other than dogs or the cultivation of grain, their inhabitants must have still lived by hunting and gathering. Enormous quantities of gazelle bones were found in caves at Mount Carmel, indicating that gazelles were the primary source of meat. The discovery of large numbers of flint sickle blades and grinding utensils, including large stone mortars, provides strong evidence that Natufians gathered wild grains. Sickle blades with edges that show considerable wear are occasionally found mounted in beautifully carved bone handles. Relatively easy access to food gave the Natufians spare time to lavish rich artistry on their implements. They also developed new tools for hunting and fishing, including harpoons, hooks, and net sinkers. Highly prized obsidian was not present in Palestine and Syria, so artisans fashioned their stone tools and weapons out of local materials.

Natufians were able to feed themselves in relatively large numbers by hunting and gathering while still maintaining a permanent settlement. But evidence suggests that they were also on the brink of a variety of innovations, including the cultivation of grains and the domestication of animals. When those finally occurred, they were followed by the rapid growth of permanent towns.

Jericho, situated on an oasis 820 feet below sea level in the lower Jordan River Valley, just north of the Dead Sea, is a fine example of such an early agricultural settlement. Today, all that remains of this ancient community is a 70-foot-high mound about ten acres in area, thoroughly excavated by archaeologists. Jericho owes its existence to a perennial stream in the oasis, which allows extensive agriculture. Thus, eight thousand years before the time of Christ, Jericho supported a population of at least two thousand. They could feed themselves, thanks to their agricultural practices and ever-present water. But what brought people to Jericho was its access to salt, sulfur, and bitumen, all valuable minerals taken from the nearby Dead Sea.

Archaeologists at Jericho have unearthed a burned Natufian shrine, which was replaced first by a village and then a town occupying at least ten acres. Its inhabitants built round houses of sunbaked mud bricks on a stone foundation with floors well below ground level. The curious loaf shape of these bricks made them very inefficient for construction. Initially Jericho had no fortifications, but as it grew wealthy, city walls were needed for security. A rock-cut ditch, twenty-nine feet wide and seven feet deep, was dug without the help of picks—an incredible feat, considering that ten thousand years ago stone tools were used to cut stone. Within the ditch, workers built and rebuilt a stone wall five feet thick as rubble gathered around its base. They also erected a large circular stone tower with an internal staircase, which, after nearly ten millennia, still stands to a height of just over twenty-six feet. Water channels ran from the top of the tower down to a cistern at its base. Constructing these defenses required both a large population and a central organization for planning and finance.

To grow the large amounts of grains required to sustain such numbers, Jericho's inhabitants needed to domesticate wheat, craft tools, till the soil, harvest and grind the wheat, and, finally, find ways to store their harvests. By 8000 B.C.E., fully agricultural villages were established in Syria and Palestine, supporting much larger populations than in other parts of the Near East.

Archaeologists uncovered evidence that early farmers, taking advantage of the relatively abundant ground water, transplanted wild grains from the neighboring Judaean hills and cultivated them in the environs of Jericho. A major step forward in the establishment of an agriculturally based economy was the development of wheat that could be harvested with a sickle. Wild cereals have heads that shatter when their seeds ripen, since this is nature's way of sowing the next year's crops. An inability to sow their own seeds would make it difficult for plants to reproduce and would eventually lead to their extinction, barring intervention of another seed-spreading mechanism such as birds. Initially, village folk harvested wild cereals in the Judaean hills by tapping the plant stems and catching the falling seeds in a sack. Due to mutations, however, some of the wild cereals had heads that did not shatter. If food gatherers tried to harvest wheat with a sickle, the seeds from the shattering heads were lost on the ground, while the seeds from the unshattered heads were collected. By planting this type of wheat apart from the dominant wild wheat, farmers at Jericho cultivated crops with non-shattering heads, which could be efficiently harvested with sickles. Hybrids of these early types of wheat are still used today.

As wheat domestication became more widespread, farmers and merchants needed better ways to store their foodstuffs than in containers sewn from skins or woven from straw, or in holes in the ground. Stone vessels of limestone, marble, or quartz were hardly suitable for storing large quantities of food or daily cooking because they were so difficult to fashion; those that did exist were likely reserved for religious rituals. Toward the end of the seventh millennium B.C.E., artisans began modeling slabs of clay into pots and baking them in open fires, creating for the first time an ample supply of containers. Large-scale storage of liquids and solids was now feasible. Though fragile, ceramic pots were also easy to make. (Archaeologists from the beginning of this century frequently found ancient sites littered with large quantities of potsherds, which were used to assign dates to different levels at their digs, until other methods such as carbon-14 dating were developed. Carbon dating, however, depends on finding artifacts containing organic material, which, unfortunately, decays readily.) Farmers could now store large quantities of grain, protecting them from scavenging animals. Jericho's merchants traded with Mesopotamia and Anatolia, where they bartered for obsidian, malachite, turquoise—so named because it was imported through Turkey—and copper. Traders were exchanging grain for obsidian as early as 8300 B.C.E.
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“What Sass does—and does well—is convey the richness
of the material world and the ingenuity of humankind in
making use of it.” —Kirkus Reviews
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