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‘An ode to material science. Miodownik delves into the molecules and history of metal, paper, concrete and chocolate, finding poetry and beauty in the details. It’s also about the ingenuity of humankind, the unique ability of humans to understand the materials around us, and to manipulate them’

Alice Roberts

‘A jaunty guide to materials that make even the most everyday seem thrilling’
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			I had never been asked to sign a non-disclosure agreement in the
				toilet of a pub before, so it came as something of a relief to discover that this
				was all that Brian was asking me to do. I had met Brian for the first time only an
				hour earlier. We were in Sheehan’s, a pub in Dun Laoghaire that wasn’t
				far from where I worked at the time.
				Brian was a red-faced man in his sixties with a walking stick for his bad leg. He
				was smartly dressed in a suit, and had thinning grey hair with a yellowish tinge. He
				chain-smoked Silk Cut cigarettes. Once Brian found out that I was a scientist he
				guessed rightly that I would be interested to hear stories of his life in London in
				the 1970s, when he was in the right place at the right time to trade Intel 4004
				silicon chips, which he imported in boxes of 12,000 for £1 each and sold in small
				batches to the fledgling computer industry for £10 each. When I mentioned that I was
				researching metal alloys in the Mechanical Engineering Department of University
				College Dublin, he looked pensive and was quiet for the first time. I took this as
				an opportune moment to head to the toilet.

			The non-disclosure agreement was
				scrawled on a piece of paper which he had clearly just ripped out of his notebook.
				The contents were brief. They stated that he was going to explain his invention to
				me but I had to keep it confidential. In return he was to pay me one Irish pound. I
				asked him to tell me more, but he comically mimed the zipping of his lips. I
				wasn’t quite sure why we had to have this conversation in a toilet cubicle.
				Over his shoulder I saw other drinkers come in and out of the toilet. I wondered if
				I should cry out for help. Brian searched in his jacket and got out a biro. A
				scruffy pound note emerged from his jeans. He was very insistent.

			I signed the paper against the
				graffiti-daubed cubicle wall. He signed too, gave me the pound, and it became a
				legal document.

			Back by the bar with our drinks, I
				listened as Brian explained that he had invented an electronic machine that
				sharpened blunt razor blades. This would revolutionize the shaving business, he
				explained, because people would need to own only one razor in their lives. At a
				stroke it would put the billion-dollar industry out of business, make him an
				exceptionally rich man, and reduce consumption of Earth’s mineral wealth. ‘How about that?’ he
				said, taking a triumphant gulp of his pint.

			I eyed him suspiciously. Sooner or later
				every scientist has his ear bent by someone with a crackpot idea for an invention.
				In addition, razor blades were a sensitive subject for me. I felt prickly and
				uncomfortable as I became aware of the long scar down my back, the result of my
				encounter on the platform at Hammersmith station. But I gestured for him to continue
				and kept listening …

			It is an odd fact that steel was not
				understood by science until the twentieth century. Before that, for thousands of
				years, the making of steel was handed down through the generations as a craft. Even
				in the nineteenth century, when we had an impressive theoretical understanding of
				astronomy, physics and chemistry, the making of iron and steel on which our
				Industrial Revolution was based was achieved empirically – through intuitive
				guesswork, careful observation and a huge slice of luck. (Could Brian have had such
				a slice of luck and simply stumbled upon a revolutionary new process for sharpening
				razor blades? I found that I wasn’t prepared to dismiss the idea.)

			During the Stone Age, metal was
				extremely rare and highly prized, since the only sources of it on the planet were
				copper and gold, which occur naturally, if infrequently, in the Earth’s crust
				(unlike most metals, which have to be extracted from ores). Some iron existed too,
				most of it having fallen from the sky in the form of meteorites.

			Radivoke Lajic, who lives in northern
				Bosnia, is a man who knows all about strange bits of metal falling from the sky.
				Between 2007 and 2008 his house was hit by no fewer than five meteorites, which is
				statistically so hugely unlikely that his claim that aliens are targeting him seems
				almost reasonable. Since Lajic went
				public with his suspicions in 2008, his house has been hit by another meteorite. The
				scientists investigating the strikes have confirmed that the rocks hitting his house
				are real meteorites and are studying the magnetic fields around his house to try to
				explain the extremely unusual frequency of them.
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			Radivoke Lajic and the five meteorites that
				have hit his house since 2007.

			In the absence of copper, gold and
				meteoric iron, our ancestors’ tools during the Stone Age were made of flint,
				wood and bone. Anyone who has ever tried to make anything with these kinds of tools
				knows how limiting they are: if you hit a piece of wood it either splinters, cracks
				or snaps. The same is true of rock or bone. Metals are fundamentally different from
				these other materials because they can be hammered into shape: they flow, they are
				malleable. Not only this, they get stronger when you hit them; you can harden a
				blade just by hammering it. And you can reverse the process simply by putting metal
				in a fire and heating it up, which will cause it to get softer. The first people to
				discover these properties 10,000 years ago had found a material that was almost as
				hard as a rock but behaved like a plastic and was almost infinitely reusable. In
				other words they had discovered the
				perfect material for tools, and in particular cutting tools like axes, chisels and
				razors.

			This ability of metals to transform from
				a soft to a hard material must have seemed like magic to our ancient ancestors. It
				was magic to Brian too, as I soon found out. He explained that he had invented his
				machine by trial and error, with no real appreciation of the physics and chemistry
				at play, and yet it seemed that he had somehow succeeded. What he wanted from me was
				to measure the sharpness of the razors before and after they had been through his
				process. Only this evidence would allow him to begin serious business discussions
				with the razor companies.
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			A metal crystal, such as exists inside a
				razor. The rows of dots represent atoms.

			I explained to Brian that it would take
				more than a few measurements for them to take him seriously. The reason is that
				metals are made from crystals. The average razor blade contains billions of them,
				and in each of these crystals the atoms are arranged in a very particular way, a
				near-perfect three-dimensional pattern. The bonds between the atoms hold them in
				place and also give the crystals their strength. A razor gets blunt because the many
				collisions with hairs that it encounters force bits of these crystals to rearrange
				themselves into a different shape, making and breaking bonds and creating tiny dents
				in the smooth razor edge. Resharpening a
				razor through some electronic mechanism, as he proposed, would have to reverse this
				process. In other words, it would have to move atoms around to rebuild the structure
				that had been destroyed. To be taken seriously, Brian would need not just evidence
				of such rebuilding at the scale of the crystals but a plausible explanation at the
				atomic scale of the mechanism by which it worked. Heat, whether electrically
				produced or not, usually has a different effect to the one he was claiming: it
				softens metal crystals, I explained. Brian knew this and was adamant that his
				electronic machine wasn’t heating the steel razors.

			It may be odd to think that metals are
				made of crystals because our typical image of a crystal is of a transparent and
				highly faceted gemstone such as a diamond or emerald. The crystalline nature of
				metals is hidden from us because metal crystals are opaque, and in most cases
				microscopically small. Viewed through an electron microscope, the crystals in a
				piece of metal look like crazy paving, and inside those crystals are squiggly lines
				– these are dislocations. They are defects in the metal crystals, and represent
				deviations in the otherwise perfect crystalline arrangement of the atoms – they are
				atomic disruptions that shouldn’t
				be there. They sound bad, but they turn out to be very useful. It is dislocations
				that make metals so special as materials for tools, cutting edges and ultimately the
				razor blade, because it is they that allow the metal crystals to change shape.
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			I have only shown a few dislocations in
				this sketch to make them easy to see. Normal metals have enormous numbers of
				dislocations which overlap and intersect.

			You don’t need to use a hammer to
				experience the power of dislocations. When you bend a paper clip, it is in fact the
				metal crystals that are bending. If they didn’t bend, the paper clip would be
				brittle and snap like a stick. This plastic behaviour is achieved by the
				dislocations moving within the crystal. As they move they transfer small bits of the
				material from one side of the crystal to the other. They do this at the speed of
				sound. As you bend a paper clip, you are causing approximately 100,000,000,000,000
				dislocations to move at a speed of hundreds of metres per second.
				Although each one only moves a tiny piece of the crystal (one atomic plane in fact),
				there are enough of them to allow the crystals to behave like a super-strong plastic
				rather than a brittle rock.

			The melting point of a metal is an
				indicator of how tightly the metal atoms are stuck together and so also affects how
				easily the dislocations move. Lead has a low melting point and so dislocations move
				with consummate ease, making it a very soft metal. Copper has a higher melting point
				and is stronger. Heating metals allows dislocations to move about and reorganize
				themselves, one of the outcomes of which is that it makes metals softer.

			Discovering metals was an important
				moment in pre-history, but it didn’t solve the fundamental problem that there
				wasn’t very much metal around. One option, clearly, was to wait for some more
				to drop from the sky but this requires a huge amount of patience (a few kilograms
				fall on the surface of the Earth every year, but mostly into the oceans). But at
				some point someone made the discovery that would end the Stone Age and open the door
				to a seemingly unlimited supply of the stuff. They discovered that a certain greenish rock, when put into a very
				hot fire and surrounded by red-hot embers, turns into a shiny piece of metal. This
				greenish rock was malachite and the metal was, of course, copper. It must have been
				the most dazzling revelation. Suddenly they were surrounded not by dead inert rock
				but by mysterious stuff that had an inner life.

			They would have been capable of
				performing this transformation with only a few particular types of rock, such as
				malachite, because getting it to work reliably depends not just on identifying these
				rocks but also on carefully controlling the chemical conditions of the fire. But
				they must have suspected that those rocks that didn’t work, which remained
				obstinately rock-like however hot the fire became, had hidden secrets. They were
				right. It’s a process that works for many minerals, although it would be
				thousands of years before an understanding of the chemistry required (controlling
				the chemical reactions between the rock and the gases created in the fire) led to
				the next real breakthrough in smelting.

			It the meantime, from around 5000 bc,
				they used trial and error to hone the process of the production of copper. The
				making of copper tools initiated a spectacular growth in human technology, being
				instrumental in the birth of other technologies, cities and the first great
				civilizations. The pyramids of Egypt are an example of what became possible once
				there were plentiful copper tools. Each block of stone in each pyramid was extracted
				from a mine and individually hand-carved using copper chisels. It is estimated that
				10,000 tons of copper ore were mined throughout Ancient Egypt to create the 300,000
				chisels needed. It was an enormous achievement, without which the pyramids could not
				have been built, however many slaves were used, since it is not practical to carve
				rock without metal tools. It is all the more impressive given that copper is not the
				ideal material for cutting rock since it is not very hard. Sculpting a piece of limestone with a copper chisel quickly
				blunts the chisel. It is estimated that the copper chisels would have needed to be
				sharpened every few hammer blows in order for them to be useful. Copper is not ideal
				for razor blades for the same reason.

			Gold is another relatively soft metal,
				so much so that rings are very rarely made from pure gold metal because they quickly
				scratch. But if you alloy gold, by adding a few per cent of other metals, such as
				silver or copper, you not only change the colour of the gold – silver making the
				gold whiter, and copper making the gold redder – you make the gold harder, much
				harder. This changing of the properties of metals by very small additions of other
				ingredients is what makes the study of metals so fascinating. In the case of gold
				alloys, you might wonder where the silver atoms go. The answer is that they sit
				inside the gold crystal structure, taking the place of a gold atom, and it is this
				atom substitution inside the crystal lattice of the gold that makes it stronger.

			Alloys tend to be stronger than pure
				metals for one very simple reason: the alloy atoms have a different size and
				chemistry from the host metal’s atoms, so when they sit inside the host
				crystal they cause all sorts of mechanical and electrical disturbances that add up
				to one crucial thing: they make it more difficult for dislocations to move. And if
				dislocations find it difficult to move then the metal is stronger, since it’s
				harder for the metal crystals to change shape. Alloy design is thus the art of
				preventing the movement of dislocations.

			These atom substitutions happen
				naturally inside other crystals too. A crystal of aluminium oxide is colourless if
				pure but becomes blue when it contains impurities of iron atoms: it is the gemstone
				called sapphire. Exactly the same aluminium oxide crystal containing impurities of
				chromium is the gem called ruby.
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			Gold alloyed with silver at the atomic scale, showing how the silver atoms replace
				some of the gold atoms in the crystal.

			The ages of civilization, from the
				Copper Age to the Bronze Age to the Iron Age, represent a succession of stronger and
				stronger alloys. Copper is a weak metal, but naturally occurring and easy to smelt.
				Bronze is an alloy of copper, containing small amounts of tin or sometimes arsenic,
				and is much stronger than copper. So, if you had copper and you knew what you were
				doing, for very little extra effort you could create weapons and razors ten times
				stronger and harder than copper. The only problem is that tin and arsenic are
				extremely rare. Elaborate trade routes evolved in the Bronze Age to bring tin from
				places such as Cornwall and Afghanistan to the centres of civilization in the Middle
				East for precisely this reason.

			Modern razors too are made from an alloy
				but, as I explained to Brian, it is a very special sort of alloy, the existence of
				which puzzled our ancestors for thousands of years. Steel, the alloy of iron and
				carbon, is even stronger than bronze, with ingredients that are much more plentiful:
				pretty much every bit of rock has some iron in it, and carbon is present in the fuel
				of any fire. Our ancestors didn’t realize that steel was an alloy – that
				carbon, in the form of charcoal, was not just a fuel to be used for heating and
				reshaping iron but could also get inside the iron crystals in the process. Carbon
				doesn’t do this to copper during smelting, nor to tin or bronze, but it does
				to iron. It must have been incredibly
				mysterious – and only now with a knowledge of quantum mechanics can we truly explain
				why it happens (the carbon in steel doesn’t take the place of an iron atom in
				the crystal, but is able to squeeze in between the iron atoms, creating a stretched
				crystal).

			There is another problem, too. If iron
				becomes alloyed with too much carbon – if, for instance, it contains 4 per cent
				carbon instead of 1 per cent carbon – then it becomes extremely brittle and
				essentially useless for tools and weapons. This is a major obstacle because inside a
				fire there is rather a lot of carbon around. Leave the iron in too long, or allow it
				to become liquid in the fire, and a huge amount of carbon enters the metal crystals,
				making the alloy very brittle. Swords made from this high-carbon steel snap in
				battle.

			Until the twentieth century, when the
				alloying process was first fully explained, no one understood why some steel-making
				processes worked and others didn’t. They were established by trial and error,
				and those that were successful were handed down to the next generation and were
				often trade secrets. But even if they were stolen, they were so complicated that the
				chances of successfully reproducing someone else’s steel-making process were
				very low. Certain metallurgical traditions in certain cultures became known for
				making extremely high-quality steel, and such civilizations thrived.

			In 1961 Professor Richmond from Oxford
				University discovered a pit that had been dug by the Romans in ad 89. It contained
				763,840 small two-inch nails, 85,128 medium nails, 25,088 large nails, and 1,344
				extra-large sixteen-inch nails. The hoard was of iron and steel and not gold, which
				most people would have found bitterly disappointing. But not Professor Richmond.
				Why, he asked himself, would a Roman legion bury seven tonnes of iron and steel?

			The Roman legion had been occupying the advanced headquarters of
				Agricola in a place called Inchtuthil in Scotland. This was at the outer reaches of
				the Roman Empire, and their mission was to protect its border from what they saw as
				the savage tribes who threatened it: the Celts. The legion of 5000 men occupied the
				region for six years before retreating and, in the process, abandoning their fort.
				They made great efforts to leave behind nothing that could help their enemies. They
				smashed all food and drink containers and burned the fort to the ground. But they
				weren’t satisfied with this. In the ashes were the steel nails that had held
				the fort together, and they were far too valuable to be left to the tribes that had
				driven them out. Iron and steel were the materials that enabled the Romans to build
				aqueducts, ships and swords; they allowed them to engineer an empire. Leaving the
				nails to their enemies would have been as useful as leaving a cache of weapons, so
				they buried them in a pit before marching south. As well as their weapons and
				armour, among the few, smaller steel objects that they probably did take with them
				were novacili, an object that epitomized their civilized approach to life:
				the Roman razor blade. These novacili, and the barbers who wielded them,
				allowed the Romans to retreat clean-shaven, groomed in order to distinguish
				themselves from the savage hordes that had driven them out.

			The mystique that surrounded steel
				making engendered various myths, and the unification and restoration of order to
				Britain in the wake of the Roman retreat was symbolized by one of the most enduring
				of these: Excalibur, the legendary sword of King Arthur, sometimes attributed with
				magical powers and associated with the rightful sovereignty of Britain. At a time
				when swords regularly snapped in battle, leaving a knight defenceless, it is easy to
				see why a high-quality steel sword wielded by a strong warrior came to represent the
				rule of civilization over chaos. The fact
				that the process of making steel was, necessarily, highly ritualized helps also to
				explain why this material came to be associated with magic.

			This was nowhere more true than in
				Japan, where the forging of a Samurai blade took weeks and was part of a religious
				ceremony. The Ama-no-Murakumo-no-Tsurugi (‘Sword of the Gathering
				Clouds of Heaven’) is a legendary Japanese sword which allowed the great
				warrior Yamato Takeru to control the wind and defeat all his enemies. Despite the
				fantastic stories and rituals, the idea that some swords could be made ten times
				stronger and sharper than other swords was not just a myth, but a reality. By the
				fifteenth century ad the sword steel made by the Samurai of Japan was the best the
				world had ever seen and remained pre-eminent for 500 years until the advent of
				metallurgy as a science in the twentieth century.

			These Samurai swords were made from a
				special type of steel called tamahagane, which translates as ‘jewel
				steel’, made from the volcanic black sand of the Pacific (this consists mostly
				of an iron ore called magnetite, the original material for the needle of compasses).
				This steel is made in a huge clay vessel four feet tall, four feet wide and twelve
				feet long called a tatara. The vessel is ‘fired’ – hardened
				from moulded clay into a ceramic – by lighting a fire inside it. Once fired, it is
				packed meticulously with layers of black sand and black charcoal, which are consumed
				in the ceramic furnace. The process takes about a week and requires constant
				attention from a team of four or five people, who make sure that the temperature of
				the fire is kept high enough by pumping air into the tatara using a manual
				bellows. At the end the tatara is broken open and the tamahagane
				steel is dug out of the ash and remnants of sand and charcoal. These lumps of
				discoloured steel are very unprepossessing but what makes them special is that they
				have a whole range of carbon content, some of it very low and some of it high.

			The Samurai innovation was to be able to distinguish high-carbon
				steel, which is hard but brittle, from low-carbon steel, which is tough but
				relatively soft. They did this purely by how it looked, how it felt in their hands
				and how it sounded when struck. By separating the different types of steel, they
				could make sure that the low-carbon steel was used to make the centre of the sword.
				This gave the sword an enormous toughness, almost a chewiness, meaning that the
				blades were unlikely to snap in combat. On the edge of the blades they welded the
				high-carbon steel, which was brittle but extremely hard and could therefore be made
				very sharp. By using the sharp high-carbon steel as a wrapper on top of the tough
				low-carbon steel they achieved what many thought impossible: a sword that could
				survive impact with other swords and armour while remaining sharp enough to slice a
				man’s head off. The best of both worlds.

			No one could create stronger and harder
				steel than the Samurai until the Industrial Revolution. When at this time European
				countries first started to build structures on a larger, more ambitious scale – such
				as railways, bridges and ships – they used cast iron, because it could be made in
				large quantities and poured into moulds. Unfortunately it was extremely prone to
				fracture under certain conditions. As engineering became more ambitious, so those
				conditions came about more often.

			One of the worst accidents occurred in
				Scotland. On the night of 28 December 1879, the world’s longest bridge, the
				cast-iron Tay Rail Bridge, collapsed during extreme winter gales. A train carrying
				seventy-five passengers plunged into the River Tay, killing all the passengers. The
				disaster confirmed what many suspected, that iron just wasn’t up to the job.
				What was needed was the ability not just to make steel as strong as Samurai swords
				but to mass-produce it.

			One day a Sheffield-based engineer
				called Henry Bessemer stood up at a
				meeting for the British Association for the Advancement of Science and announced he
				had done it. His process didn’t require the elaborate processes of the
				Samurai. He could create tonnes of liquid steel. It was a revolution in the
				making.

			The Bessemer Process was ingeniously
				simple. It involved blowing air through the molten iron, so that the oxygen in the
				air would react with the carbon in the iron and remove it as carbon dioxide gas. It
				required a knowledge of chemistry that for the first time put steel making on a
				scientific footing. Moreover, the reaction between the oxygen and the carbon was
				extremely violent and gave off a lot of heat. This heat raised the temperature of
				the steel, keeping it hot and liquid. The process was straightforward and could be
				used on an industrial scale; it was the answer.

			The only problem with the Bessemer
				Process was that it didn’t work. Or at least that was what everyone who tried
				it said. Soon, angry steelmakers, who had bought the licence from Bessemer and
				invested large sums of money in equipment only to produce brittle iron, started
				asking for their money back. He had no answers for them. He didn’t really
				understand why the process was successful sometimes and unsuccessful at others, but
				he continued to work on his technology, and with the help of the British
				metallurgist Robert Forester Mushet he adapted his technique. Rather than trying to
				remove the carbon until just the right amount was left, about 1 per cent, which was
				tricky because each steelmaker had a different source of iron, Mushet suggested
				removing all the carbon and then adding 1 per cent carbon back in. This worked and
				was repeatable.

			Of course, when Bessemer tried to
				interest the world in this new process, the other steelmakers ignored him, assuming
				that it was yet another swindle. They insisted that it was impossible
					to create steel from liquid iron, and
				Bessemer was a con artist. In the end he saw no option but to set up his own steel
				works, and just start making the stuff himself. After a few years the firm of Henry
				Bessemer & Co. was manufacturing steel so much more cheaply and in such larger
				quantities than his rival firms that they were eventually forced to license his
				process, in the end making him extremely rich and ushering in the machine age.

			Could Brian be another Bessemer? Could
				he have stumbled across a process for reorganizing the metal crystal structure at
				the tip of a razor blade through the action of electric or magnetic fields, a
				process he didn’t understand but that worked nevertheless? There are many
				stories of those who have laughed at visionaries only to be embarrassed by their
				subsequent success. Many laughed at the idea that heavier-than-air flying machines
				were possible, and yet we all fly around in them. Likewise, television, mobile
				phones, computers – all have emerged from a cloud of derision.

			Until the twentieth century, steel
				razors and surgical knives were extremely expensive. They had to be hand-made from
				the highest-grade steel since only this type of steel could be sharpened
				sufficiently to cut facial hair cleanly and effortlessly, without snagging. (Anyone
				who has used a blunt razor will know all too well how acutely painful even the
				slightest snag can be.) And because steel corrodes in the presence of air and water,
				cleaning the blades blunts them too, as the fine cutting edge literally rusts away.
				Thus for thousands of years the ritual of shaving began with the process of
				‘stropping’: the act of sharpening the blade by playing it back and
				forth along a length of leather. You might think it not credible that a material as
				soft as leather can sharpen steel, and you would be right. It is the fine ceramic
				powder that is impregnated in the leather strop that does the sharpening.
				Traditionally a mineral called ‘jewellers’ rouge’ was used, but
				these days diamond powder is more common.
				The act of running the steel along the strop, in a flip-flop manner, causes the
				blade to meet the extremely hard particles of diamond that are in the powder, which
				remove very small amounts of metal in the collision, causing the delicately fine
				cutting edge to be restored.

			But this changed when, in 1903, an
				American businessman called King Camp Gillette decided to use the new cheap
				industrial steel produced by the Bessemer Process to create a disposable razor. This
				was to be the democratization of shaving. His vision was to remove the need to
				sharpen the blade by making it so cheap that when it became blunt you could simply
				throw it away. In 1903 Gillette sold fifty-one razors and 168 blades. The following
				year, he sold 90,884 razors and 123,648 blades. By 1915, the corporation had
				established manufacturing facilities in the United States, Canada, England, France
				and Germany, and razor blade sales exceeded seventy million. Once people stopped
				needing to go to the barber’s for a shave, the disposable steel razor became a
				permanent fixture of every bathroom. And it has remained so: while there are any
				number of back-to-basics movements in food production, no one wants to have their
				hair cut with a copper knife or a shave with a blunt razor.

			Gillette’s business model was
				clever for many reasons, one of which was undoubtedly that even if the razors were
				not blunted through the act of shaving they would lose their edge quickly through
				rusting, assuring repeat business. But there was one further twist to the tale, an
				innovation so outrageously simple that it had to be discovered by accident.

			In 1913, as the European powers were
				busily arming themselves for the First World War, Harry Brearley had the job of
				investigating metal alloys in order to create improved gun barrels. He was working
				in one of Sheffield’s metallurgy labs, adding different alloying elements to
				steel, casting specimens and then mechanically testing them for hardness. Brearley
				knew that steel was an alloy of iron and
				carbon, and he also knew that lots of other elements could be added to steel to
				improve or destroy its properties. No one at the time knew why, so he proceeded by
				trial and error, melting steels and adding different ingredients in order to
				discover their effects. One day it was aluminium, the next it was nickel.

			Brearley made no progress. If a new
				specimen turned out not to be hard, he chucked it in the corner. His moment of
				genius came when a month later he walked through the lab and saw a bright glimmer in
				the pile of rusting specimens. Rather than ignoring it and going to the pub, he
				fished out this one specimen that had not rusted and realized its significance: he
				was holding the first piece of stainless steel the world had ever known.

			Accidentally, by getting the ratios of
				two alloy ingredients right, carbon and chromium, he had managed to create a very
				special crystal structure in which the chromium and carbon atoms were both inserted
				inside the iron crystals. The addition of chromium had not made the steel harder,
				hence he had rejected the sample, but it had done something much more interesting.
				Normally when steel is exposed to air and water, the iron on the surface reacts to
				form iron(III) oxide, a red mineral commonly known as rust. When this rust flakes
				off, it exposes another layer of the steel to further corrosion, which is what makes
				rusting such a chronic problem for steel structures, hence the need to paint steel
				bridges and cars. But with chromium present something different happens. Like some
				hugely polite guest, it reacts with the oxygen before the host iron atoms can do so,
				creating chromium oxide. Chromium oxide is mineral, it is transparent and hard and
				sticks extremely well to the steel. In other words it doesn’t flake off and
				you don’t know it is there. Instead it creates an invisible chemically
				protective layer over the whole surface of the steel. What’s more, we now know
				that the protective layer is self-healing, which is to say that when you scratch
				stainless steel, even though you break the protective barrier, it re-forms.

			Brearley went on to try to make the world’s first stainless
				steel knives, but immediately ran into problems. The resulting metal was not hard
				enough to make a sharp edge, and they were soon dubbed ‘knives that would not
				cut’. This lack of hardness was, after all, the very reason that Brearley had
				rejected the alloy for use in gun barrels. Its lack of hardness allowed the alloy to
				do other things, though, which only became apparent later in the century – namely,
				it could be formed into complex shapes, leading eventually to one of the most
				influential pieces of British sculpture, present in almost every house: the kitchen
				sink.

			Stainless steel sinks are indomitable
				and gleaming and seem able to take anything that is thrown at them. In a world where
				we are keen to dispose of waste instantly and conveniently – from fat, to bleach, to
				acid – this material has really come through for us. It has ousted ceramic sinks
				from the kitchen, and would oust the ceramic bowl from the toilet if we would let
				it, but we do not yet trust this new metal quite enough for that most intimate of
				waste disposal jobs.

			Stainless steel is the very epitome of
				our modern age. It is clean-looking and shiny, appears almost indestructible but is
				ultimately very democratic: in less than a hundred years it has become the metal
				with which we are the most closely acquainted; after all, we put it in our mouths
				almost every day. For, in the end, Brearley did manage to create cutlery from
				stainless steel, and it’s the transparent protective layer of chromium oxide
				that makes the spoon tasteless, since your tongue never actually touches the metal
				and your saliva cannot react with it; it has meant that we are one of the first
				generations who have not had to taste our cutlery. It is often
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