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Color example of color/temperature on heated steel. See more information here.
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CHAPTER 1


Iron & Steel


If “Know your Enemy” is prudent counsel for the soldier, then equally so must be “Know your Materials” for the engineer – model or otherwise. Important enough when the materials are to be cut or formed, but even more so when we propose to alter their characteristics. And there can be few such alterations so extreme as when we convert a relatively soft and ductile material into one which is hard enough to act as a cutting tool. So, I make no excuse for this initial exploration of the nature of iron and steel. You can “skip” the chapter if you wish – it may be that it tells you nothing new, and could well seem to be irrelevant if all you want to do is to harden a scriber point! But to begin at the beginning is always a sound policy, and I hope you will bear with me; it won’t take long!


Pure iron, known as FERRITE to the metals specialist, is a relatively soft material, with a tensile strength of about 24 tons/sq.in and very ductile. It can be drawn into fine wires and rolled into thin plates – about the only uses for it in practice these days. It is chemically very “active”, combining readily with many other substances, so that metallic iron is seldom found in nature despite the fact that it is the most abundant of earthly materials. (The Earth’s core is almost wholly iron.) The common ores are in the form of oxides, some, notably Haematite, almost 90% ferric oxide while others may contain as little as 25%, the remainder being lime or silica based stone. Other types of ore contain iron carbonates, and a very abundant source is Iron Pyrites basically iron sulfide and seldom used in the manufacture of iron directly.


Iron is extracted from the ore in a Blast Furnace – Fig. 1. Even in early times these were large structures, but today they are huge. The “hearth” at the bottom is 45 feet across and the stack 100 feet or more in height, with another 100 feet of “top hamper” above. A medium sized furnace will contain 50,000 cu. feet of material and will “make” 9000 tons/week: Fig 2. The largest furnace in this country is designed for 10,000 tons per day, and keeping it fed with raw materials is a major part of the plant operator’s concern!


These raw materials are iron ore, coke (the fuel) and limestone to act as a “flux” so that the stony matter in the ore may be sufficiently fluid when melted. These materials, blended and sintered into a uniform size and composition, are fed in at the top. Preheated air is blown in at the bottom, through the “tuyeres”, and this air forms by far the largest mass of material used. Though nominally “free” it has to be compressed to from 30 to 45 Ib/sq.in, and heated to around 750°C, using turbocompressors of 10,000 HP or more, and enormous “stoves” to achieve the required temperature.
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Combustion of the coke at the hearth results in a high temperature and the production of carbon dioxide. This latter reacts with the very hot coke and is reduced to carbon monoxide. This, in turn, reacts with the iron oxide in the ore to remove the oxygen content. When the gases reach the top of the furnace they will contain about 27% carbon monoxide, a little hydrogen, and the rest is carbon dioxide and nitrogen; it is a very useful fuel gas. By the time the “burden” reaches the lower part of the furnace the flux and stone will begin to combine to form a slag which melts and runs down through the coke. Slightly lower down the iron also melts. Both slag and iron collect in the hearth, with the slag floating on top. At periodic intervals the slag is tapped off through one hole and the iron from another, being collected in railroad ladles, the former being used for road metal or cement making and the iron either cast into “pigs” for the foundry or taken, molten, to the steelworks.


During the final part of this process the molten iron is in close contact with very hot coke and will absorb up to 4% of carbon. (This may not sound much until I tell you that a chunk of iron of 22 inch cube will contain as much carbon as a bag of coke!) The important thing to appreciate at this stage is that the iron and carbon form a solution, just like the sugar in your tea. After passing through a pasty stage while cooling the iron solidifies at about 1130°C, and we now have a solid solution of iron (Ferrite) and carbon, but with some of the carbon now combining to form an iron carbide. However, as the metal cools further its capacity to dissolve carbon diminishes, and some “free” carbon appears at the grain boundaries as graphite. The final state does depend somewhat on how fast the metal has cooled, but the “gray” cast iron which we use will appear under the microscope as small agglomerations (grains) or iron carbide and Ferrite crystals, surrounded by flakes of graphite. (Fig.3) If the cooling is rapid then more of the carbon will remain as carbide and the metal will be whiter and harder. Hence the occasional “hard spot” at the corner of a thin casting; the metal has cooled too fast.
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Fig. 3 Structure of gray cast iron, with flakes of graphite between the grains of metal.








Iron in this form is very useful; it can be cast into complex shapes and is very strong in compression. But it is less strong in tension and very brittle; it cannot be bent or forged. It is useless for edged tools and for many machine parts. Very early in the history of metals means were sought to render “iron” more ductile. These led to the manufacture of WROUGHT IRON, using a process which removed most of the carbon from the iron made in the blast-furnace. Pig-iron was melted in a coal or coke-fired furnace (Fig.4) lined with material containing a large amount of iron oxide. A certain amount of oxide was also charged with the pig-iron. About 4 cwt. was melted at each heat and when molten was, of course, in intimate contact with the oxides. The result was that the carbon in the iron combined with the oxygen in the oxides to form carbon dioxide – the reaction was very violent at times, with the metal appearing to “boil”. The process was accelerated by the furnaceman, who “rabbled” or stirred the bath with an iron bar suspended from a chain.
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Fig. 2 Four medium-sized furnaces at the Frodingham works of the British Steel Corporation, Scunthorpe. These make nearly 40,000 tons of iron per week between them. The four hot-blast stoves serving the nearest furnace are on the left. The furnaces are about 220 feet overall height. (Photo, Courtesy British Steel Corporation).
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Fig. 4 Section and plan of a 19th century puddling furnace. The bath “C” would be about 6ft long and 4ft wide. The coal fire would be on the grate on the left.








Now, the melting point of iron depends upon its carbon content, with pig melting at about 1130°C and pure iron at about 1500°C. As the carbon content fell, therefore, pasty masses appeared in the melt and these clung to the end of the puddler’s rabble. When this “ball” was as large as he could handle he extracted it from the furnace and immediately set it under the tup of a mechanical hammer. (Fig.5a) The hammering drove out most of the slag in the ball and at the same time formed it into a bar. The process was repeated until all the iron had been extracted from the furnace, after which the furnace walls were fettled with fresh oxide on the lining and then recharged. About six heats could be worked in a normal 12-hour shift.


The bars from the hammer were cut into convenient lengths and bound together (“faggoted”) with iron wire, and these bundles were then reheated to welding temperature and reforged into billets. This process could be repeated several times; each expelled more of the remaining slag and what was left was in the form of thin streaks.


The quality known as “Best” was metal which had been faggoted twice. “Best Best” was made from faggoted “Best” bars, and “Treble Best” from faggoted “Best Best”. “Best” bars would have a tensile strength along the grain of the slag of about 23 tons/sq.in, while “Treble Best” might reach 28 ton/sq.in. The strength across the fibers would be about 15% less – the process cannot completely eliminate all the slag and this forms a fibrous structure within the material. Under the microscope the main body of the metal is almost pure Ferrite, interspersed with bands of slag, as seen in Fig. 5.


Wrought iron was too soft for use as a cutting tool, and from the earliest times a new material, having a carbon content midway between wrought iron and cast irons, was made from best quality faggoted bars. This was called STEEL, and any reference to metal of this name previous to about 1855 must be assumed to apply to this, and not to the “mild” steel we know today. The specially selected bars (3 in. wide x ¾ in. thick) were heated in a box containing charcoal for periods of 8 to 10 days at a temperature of about 1000°C. During this time the iron absorbed carbon and as the bars were relatively thin this absorption penetrated right through. Means were provided for withdrawing a test-bar from time to time, thus giving a crude form of quality control. (Up to 15 tons at a time could be treated) The carbon content could be roughly controlled by the length of the heat, but if too short the penetration would be incomplete. Carbon content could never be below about 0.8%, but could easily be raised to 1.5% for (e.g.) the making of razors.
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Fig. 5 Structure of wrought iron “along the grain” showing the slag inclusions.








The process was called the “Cementation Process” and though it was effective the difficulty was that the carbon content varied from bar to bar and even along the length of a single bar. To overcome this, Benjamin Huntsman in 1744 found means of melting the bars after cementation. (It will be appreciated that to make a crucible which would stand up to the temperatures needed was very difficult at that time). Further, he used only pig-iron smelted using charcoal as a fuel, thus eliminating the impurities (phosphorus and sulfur) arising from coke fuel. After “cementing” the wrought iron in the usual way he melted broken up bars – about 50 lb. at a time – in special clay crucibles. This took about 5 hours. The contents of the crucible were then cast into preheated, split, cast-iron molds to form bars. Steel made by this process was – and is – known as “Crucible Steel” or “Cast Steel”. By carefully selecting the intitial cemented bars – and, as a rule, using pieces from different bars made in different heats – very uniform quality could be achieved, far superior to the old so-called “blister steel”. The cast bars could be forged, welded (with some care) to make larger pieces, or, for very large objects, several crucibles cast into one (sand) mold. The steel could, of course, be hardened (in the fashion later to be described – that’s what this book is about!) but it was frequently used simply as a tough, strong material.


It may seem odd that we first make a material high in carbon, then remove most of it, and finally, add carbon to produce material of the required analysis, but a little reflection will show that as each step also refined the iron, to some extent removing impurities, and the final step introduced the carbon in the form it was needed, the process is not as illogical as it seems. The Huntsman crucible process was in use until very recently, and there may be a few small plants still operating. But the “cast steel” (or, to be more definite, high-carbon steel) of today is made mainly in electric furnaces, and the carbon added directly into the melt, with very sophisticated methods of analysis used to control the final quality.


The MILD STEEL we use today was originally regarded as a form of wrought iron made by direct removal of carbon, so avoiding the troublesome slag inclusions, and the intial patents of Henry Bessemer were for a “new way of making wrought iron”. This he did by blowing air through a vessel charged with molten iron, and so burning out the carbon. Later, the open-hearth process, introduced by Thomas and Gilchrist about 1878, effected the conversion by the reaction between the molten bath and the furnace lining. Today, however, almost all mild or low carbon steel is made by blowing oxygen through a reaction vessel containing perhaps 300 tons of molten iron, brought directly from the blast furnace. Alloying elements are added (including the essential carbon) as required, but directly into the molten bath, rather than as in the cementation process. SPECIAL STEELS – high alloy, stainless, and so on, are made by melting “mild” steel in an electric arc furnace and, again, adding the alloying elements to the bath. Whereas the first model engineers had but three ferrous materials available – cast iron, wrought iron and “steel” – today the choice is bewildering, and even cast iron may be had in dozens of grades and analyzes.


For our present purposes, however, we are concerned only with those which are ranked as “carbon tool steels”. In general a “Mild” steel will contain from 0.05% up to 0.2% carbon and “Medium” carbon steel up to perhaps 0.6%. These last can be toughened by heat treatment, but not hardened sufficiently for cutting tools. “Carbon Tool Steel” will contain from 0.75% up to as much as 1.5% carbon. (Nowadays almost all steel will contain alloying elements, manganese especially, but it is the carbon content which determines the “nature”.) Above about 1.7% carbon content the metal will be a “cast iron”. A general distinction may also be found between “plain” carbon steel, which contains as a rule only carbon and a little manganese as alloying elements, and “alloy” carbon steels which will include nickel, chromium, and other elements such as vanadium and molybdenum as well as carbon. But all steels are basically alloys of carbon and Ferrite (“pure iron”) and in many cases the presence of other alloying elements (especially in “plain” steels) does no more than modify the effect of the carbon. Even in the case of the “high speed” tool steels – alloys of iron, tungsten, cobalt and carbon – it is the presence of carbon which provides many of their properties. It is a salutary reflection that our enjoyment of model engineering depends entirely on the material found in the core of your lead pencil!
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Fig. 5A Contemporary (1823) drawing of wrought iron being “Faggoted” under a water-powered hammer, with two interested spectators. (Copyright – Trustees of the Lonsdale Estate).
















CHAPTER 2


Principles of the Hardening Process


Hardening high-carbon steel is easy – people have been doing it for thousands of years. Just heat the metal to cherry-red and quench in cold water and there it is – hard! However, like the horse (which is “. . . a noble animal but does not always do so ...”) this does not always work, and a little knowledge of what goes on inside the metal will both make failure less likely, and also give some idea of what to do when the occasional awkward job appears. Those who find that horses never “do so” are always surprised how easy it seems when someone who knows about horses takes over! There is, they will say, nothing difficult about it – you just need to understand the animal. It is the same with steel. Nothing difficult unless you are actually making the stuff, and that part is done for us. You may have a slight problem with some of the “new words”; these I will explain as we go along, but you will also find a list at the end of the book to which you can refer if need be.


CRYSTALS AND GRAINS


When pure iron starts to solidify the atoms arrange themselves in a precise geometrical pattern, as shown in Fig.6. I have shown the atoms as little balls for clarity – we know that they don’t look like that really, but we are not concerned with atomic theory, just with hardening steel. This arrangement is typical of newly solidified iron, and there will always be nine atoms, one at each corner of a cube and one in the center, at this temperature. It is called a “Body-centered cubic” crystal.


Such crystals appear here and there in the melt, and as new ones form they grow on those already there, the little groups growing larger until they meet their neigh-boring group. Where this meeting occurs there will be a discontinuity of the growth, so that when all is solid a look through the microscope will show gray areas with fine lines around them – Fig.7. (The crystals themselves are too small to be seen through an ordinary microscope). These areas are the “grains”. As a rule, the smaller the grains (within reason) the better, and part of the job of heat treatment is to “refine” the metal to reduce grain size. Pure iron (Ferrite) tends to form large grains.




[image: ]




Fig. 6 A Body-Centered cubic crystal of iron, with one atom at each corner and one at the center of the lattice.
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Fig. 7 Structure of a pure metal. The crystals have “grown” one upon the other to form a mosaic of “grains“.
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Fig. 8 The cooling curve of pure iron, showing the three “arrest points” where the rate of temperature change slows down.








The metal now cools still further, and when we reach 1392°C an odd thing happens. The fall in temperature is arrested for a short while, almost as if there is a source of heat within the metal. (Fig.8.) This is, in fact, the case, for there is a change taking place in the crystal structure which actually releases heat. (Metallurgists call this an “arrest point” in the cooling of the metal). If you had suitable equipment you would see the crystals rearranging themselves, actually disintegrating and reforming in a new pattern. It is still “cubic”, but this time with an atom in each corner and one in the center of each face, 14 in all – Fig. 9. This is called a “FACE-centered cubic” crystal. Again, these crystals form aggregates which meet at the grain boundaries. That such a change is possible may seem surprising, for though the metal is pretty hot it is a solid, and you would have to hit it fairly sharply with a hammer to change its shape. Things would seem very different if you were one of the atoms! Even at workshop temperature there would be some distance between you and the next one and at this high temperature you would find you had plenty of room. What appears to us as a “solid” is, in fact, mostly empty space, even within the crystal; it is the forces which act between the atoms which give us the sensation of solidity.
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Fig. 9 A Face-Centered Cubic crystal, with one atom of each corner and one in the center of each face of the lattice. (Those at the back have been left out for clarity).








Not only that. The atoms themselves don’t stand still. True, they cannot chase about as they do in a liquid or a gas, but they do vibrate about their mean position. (In fact, it is this vibration which generates the colored light we associate with hot metal). In such circumstances it is not so surprising that some of the atoms can drift about a little. They do this all the time at high temperatures, and at this “critical” temperature they carry out a complete rearrangement.


As the metal cools further we meet yet another “arrest point”, this time at 910°C. This heralds a change back to the original Body-centered cubic shape of Fig.6. This is the “bright red” and about the temperature we should normally use for forging. Cooling down still further there is found an arrest point again, at 770°C. There is no change of crystal structure here, but this is the point at which the metal can become magnetic. (It is sometimes called the “Curie” point). This change in magnetic properties can be a useful indicator of temperature for some purposes.


All of these changes occur in reverse order when the metal is heated, but at the arrest points the metal seems to “hang back” and not get any hotter for a short while. Again, this can be a useful temperature indication. It is important, however, to observe that we have been talking of a gradual temperature change. Though the atoms are relatively mobile when hot they “drift” or “diffuse” rather than “travel”. The changes all take time to complete. The presence of other elements – impurities, or alloying material – can sometimes make the metamorphosis slower still. Finally, the actual temperature at which the arrest points occur is very slightly different when heating from that found when cooling.


EFFECT OF CARBON


The presence of carbon has a marked effect on the behavior of the metal. When molten, the carbon is dissolved in the iron, as we saw in the last chapter – it is the same for molten steel as for cast iron. One immediate effect is to lower the point at which solidification starts and, in addition, to spread the solidification process over a temperature range. The magnitude of this depression and the range of solidification temperatures depends on the amount of carbon present but in the case of (say) a 0.5% carbon steel the initial solidification point (the “liquidus”) is lowered to about 1500°C – about 50°C below that of pure iron – and the “solidus”, when all is solid, is not reached until 1430°C. In between these two temperatures the metal is pasty, metal crystals and molten metal being present together. (You will have found the same thing with some grades of solder). Now, the carbon and iron are in solution when liquid, and this state prevails when solid as well. I have mentioned this in Ch.I “in passing” and it does need some explanation.


If the iron and carbon were a mixture we should have measurable particles of the two substances uniformly distributed. They might, however, separate out, as when the pigment in paint settles in the bottom of a can. No matter how finely ground, these particles each contain thousands of millions of atoms. A “solution” is very different. Here we have the individual atoms forming the dispersion. The scale is very different. It is feasible – indeed, normal – to find such an atomic dispersion (“solution”) in a solid – a well-made ice pop is an example.
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Fig. 10 Crystal of a solid solution of carbon in iron, the small carbon atoms lodged in the empty spaces in the lattice.








The carbon atoms are found actually within the Ferrite crystals (they are much smaller than the Ferrite atoms) as shown in Fig. 10. The number of dissolved atoms which can be accommodated in this way does depend on the temperature (as in the case of any liquid solution) but it also depends on the type of crystal, too. (This has an important bearing on the hardening process, as we will see later). Further, although they are situated within the crystal lattice the carbon atoms can drift or diffuse just as can the atoms of iron, but this drift can occur at any time, not just at the arrest temperatures. We will see later that the iron and carbon atoms can also be present in the form of a “Compound” – iron carbide – but this need not concern us at the moment.


To return to our newly solidified metal, the first effect of the carbon has been to depress the melting point and to cause a pasty stage during solidification. Once solid, the carbon is found in solid solution. In addition, however, the presence of carbon inhibits the first crystal form found in pure iron. The metal solidifies directly into the Face-center cubic form of Fig 9, but with many of the crystal atoms containing carbon atoms, as shown in Fig 10. There is NO arrest point at 1392°C. This “Solid Solution”, with face-centered crystals, is called “AUSTENITE”, after the metallurgist Sir William Austen, who first identified it. Grains of crystals are found, as in the case of pure iron.


Still following our 0.5% carbon steel as it cools we find an arrest point at about 780°C, where the crystal structure changes to Body-centered cubic – you will see that this occurs about 120°C lower than in the case of pure iron. The magnetic change, or “Curie Point” takes place a few degrees lower (about 770ºC).


Thus, the immediate effect of no more than 0.5% carbon has been, first, to depress the melting point and to introduce a pasty stage in the solidification, to eliminate altogether one of the arrest points and its associated crystal metamorphosis, and to reduce the temperature at which the others occur. This may not, at first, seem to be of great importance, but it is the implications of these changes which matter, and they have a profound effect on the heat treatment. You cannot harden pure iron, but even 0.5% carbon steel can be toughened, even if not made hard enough to use as a cutting tool.
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Fig. 11 Austenite (shaded) surrounded by grains of Ferrite.









IRON-CARBON TRANSFORMATIONS



Let us now follow this 0.5% carbon steel as it cools, but with more attention to what is happening to the carbon and the Ferrite this time. At solidification the Austenite is a homogeneous solution of both substances. However, as soon as the steel passes the arrest point at about 780°C and cools further, the composition of the Austenite slowly changes, until at about 735°C it contains 0.83% carbon – the maximum it can hold at this temperature. It can only achieve this enrichment of carbon by ejecting Ferrite atoms, and this it does progressively as the temperature falls. (The steel only contained 0.5% carbon to start with). This Ferrite forms grains or bands surrounding the grains of Austenite, which now form only part of the whole. The overall analysis of the steel will still show 0.5% of carbon, but it is all concentrated in the Austenite grains. Fig. 11.


Just below this temperature, at 730°C, we find another “arrest point”, this time due to a change in the relationship of the carbon and Ferrite in the Austenite. Above 735°C the carbon is in solution, but at 730°C it actually combines with some of the iron to form Iron Carbide. This is FE3C, and contains about 6.7% carbon. It is very hard indeed and is given the name “CEMENTITE”, because it was first identified in steel made by the Cementation process – see page 11.


This Cementite contains much less Ferrite (iron) than the Austenite from which it was formed, so that there will be some Ferrite left over. In the event, the Cementite (or iron carbide) crystallizes into very thin plates, with similar thin plates of Ferrite sandwiched between them, this assembly of plates forming a “grain” corresponding with the grain of Austenite from which it came. Under the microscope these grains have a very beautiful sheen, resembling that of Mother-of-Pearl. For this reason it is called “PEARLITE”. (I am sorry about all these names, but there is a glossary at the end of the book if you find them difficult to remember). The overall composition of Pearlite is 0.83% carbon still, so that as the steel contains only 0.5% we should expect the Pearlite grains to be surrounded by grains of Ferrite, and this is, in fact the case. See Fig 12.
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Fig. 12 The Austenite of Fig. 11 has transformed to Pearlite, but the Ferrite remains unchanged. There is some alteration in the disposition of the grains.








This recombination of Austenite into Pearlite occurs in all carbon steel when cooled slowly. Naturally, the amount of Pearlite will depend on the carbon content initially, but it is always there in greater or less proportion. Being a combination of soft and ductile iron (Ferrite) and very hard Cementite, it is very tough.


THE IRON-CARBON DIAGRAM


If we were to look at steel with a different carbon content we should find similar changes taking place, but at different temperatures. For convenience, engineers and metallurgists assemble the data on a chart, called the “Iron-Carbon Equilibrium Diagram”, which shows the effects of both carbon and temperature. I have made a simplified version of this in Fig 13; this deals only with “steel” (the full diagram includes cast iron as well) and I have not bothered with the temperatures up in the melting range. Those sufficiently interested will find the complete diagram in most books on the Metallurgy of Steel, but there is a very clear one in Encyclopedia Britannica, in the section headed “Iron and Steel”. This can be looked at in most public libraries.
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Fig. 13 A simplified version of the “Iron-Carbon Equilibrium Diagram.” (After “Quenching Fluids and the Heat Treatment of Steel” Courtesy BP Ltd).








I have shown the 0.5% steel we have just considered as a vertical line. The upper arrest point, or critical temperature, is shown by the line ABE, and the lower by DBE. You will notice that these coincide at “B”; we will have a look at this in a moment, but before doing so, let us look at a typical tool-steel, with a carbon content of (say) 1.2%. I have shown a vertical line here also. We start with Austenite as before, but this time it contains more than the 0.83% which is the maximum which can be held in solution at the lower critical temperature. (This is about 720°C in this case). As the steel cools below the upper critical, which is at about 900°C, the Austenite finds itself too rich in carbon this time, whereas the previous example was rich in Ferrite. So, as the temperature falls carbon is progressively rejected, but it is rejected in the form of iron carbide (Cementite) for, unlike the case of cast iron, free carbon cannot exist under these conditions. We find, therefore, that the grains of Austenite are now being surrounded by first, streaks, and then grains, of Cementite; there is no free Ferrite available. By the time the steel has reached the lower critical temperature (the line BE) the Austenite has again settled down with 0.83% dissolved carbon, as before. And, as before, this transforms to Pearlite as the metal cools through the critical. We now find grains of Pearlite surrounded by areas of Cementite, (Fig. 14) in contrast to the Pearlite and Ferrite of the lower carbon steel.
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Fig. 14 Grains of Pearlite surrounded by borders of Iron Carbide (Cementite).








Now look at steel with 0.83% carbon. You will notice that the two lines representing the upper and lower critical temperatures (the “arrest points”) now coincide. It is, after a fashion, a “Eutectic” solution, similar to that found in solders and brazing alloys. Both the crystal transformation and the metamorphosis of the Austenite occur at the same time, and the Austenite changes to Pearlite directly. This “all Pearlite” steel is about the toughest that can be had with a plain carbon steel. You will note that as a consequence of this “Eutectoid” at 0.83% carbon the upper critical temperatures for the various steels vary considerably, along the line ABE. This has an important bearing on the temperatures needed to effect the annealing of the steel. The lower critical temperature, DBE, does vary a little, but in many published versions of the diagram it is shown as a straight line. The difference is only a few degrees.


I have shown on the diagram a number of little sketches indicating the grain formation – actual micrographs would be confusing and are difficult to reproduce. However, by examining a specimen through the microscope an experienced metallurgist can easily recognize the various constituents of Pearlite, Ferrite, and Cementite, and by noting the proportions of each can make a fair estimate of the overall carbon content of the specimen.
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Fig. 15 The effect of carbon content on the mechanical properties of annealed steel.








To sum up: we would expect to find very little Pearlite and a lot of Ferrite in a low carbon (mild) steel, with the proportion of Pearlite increasing as we approach 0.83% carbon. Beyond this the Cementite would begin to appear, increasing in proportion as the carbon content rose to the maximum associated with a “steel’’ (about 1.7% carbon). We would expect the “toughness” and strength to increase as the Pearlite proportion increased, up to 0.83% carbon. Thereafter the steel could be expected to get harder, with some loss of ductility. This is, in fact, the case. Fig 15. But I must emphasize that these considerations all apply only to steel which has been both heated and cooled SLOWLY, so that the little atoms have time to find their right places, and the chemical changes at the lower critical line have time to complete. It is typical of a “hot rolled bar” which has (or should have) been normalized when you receive it from the merchant. Cold drawing (e.g. “Bright Drawn Mild Steel”) will not alter the type of structure (Pearlite-Ferrite, or Pearlite-Cementite) though it may alter the mechanical strength, and especially the ductility, because the forming process has distorted the grains. The structures found when the steel is cooled too quickly for the changes to occur are very different. So, let us now have a look at the effect of other than slow cooling.


OEBPS/images/f0002-01.png





OEBPS/images/f0008-01.png
Typical heights
3011(1820)

801t (1920)

1001t (1960)

DIAGRAM OF BLAST FURNACE
Fig 1





OEBPS/images/f0008-02.png
A GRAPHITE





OEBPS/images/f0014-02.png
1392

e
o

N
3

TEMPERATURE —»

TIME TAKEN FOR A CHANGE

OF 10° CENTIGRADE.,





OEBPS/images/f0014-03.png





OEBPS/images/f0012-01.png





OEBPS/images/f0014-01.png





OEBPS/images/f0016-02.png





OEBPS/images/f0016-01.png





OEBPS/images/f0009-01.png





OEBPS/images/f0018-01.png
a
= e
950
UPPER CRITICAL A3 = ABC.
A i H
900, AUSTENTE.
(S0LID SOLUTION)
—
| FERRITE (RON)
250, BODY CENTERED CUBE.

i - cemenTITE
\ i (IRON CARBIDE )
- \ B

MAGNET)

1
| | cumee s crossie
T N | PR
g N ao Cnms A7 crossnG
3 750 ~ 1 K 1 <——% LOWER CRITICAL.
3 |~ LOWER CRITICAL . Al = DBE.
N — >
Dy B, | ) E.
700 T
[

o o % CARBON.






OEBPS/images/f0010-01.png





OEBPS/images/f0010-02.png





OEBPS/xhtml/nav.xhtml




Contents





		Cover



		Title



		Copyright



		Contents



		Chapter 1 Iron & Steel



		Chapter 2 Principles of the Hardening Process



		Chapter 3 Heating and Quenching in Practice



		Chapter 4 Tempering



		Chapter 5 Heating Equipment



		Chapter 6 Casehardening



		Chapter 7 Other Heat Treatment Processes



		Chapter 8 The Measurement of Hardness



		Chapter 9 Home Construction of Furnaces



		Chapter 10 Safety Precautions



		Appendix 1 Thermocouples and Pyrometers



		Appendix 2 Carbon Steel Cutting Tools



		Appendix 3 British Standard Steel Specification Numbers



		Appendix 4 Hardness Conversions













Guide





		Cover



		Contents



		Start











OEBPS/images/f0020-01.png
TENSILE STRENGTH






OEBPS/images/title.png
HARDENING,
TEMPERING, AND
HEAT TREATMENT

FOR HOME MACHINISTS

Workshop Practice Series

TUBAL CAIN

Fox CHAPEL

PPPPPPPPPP





OEBPS/images/cover.jpg
HARDENING,
TEMPERING, AND
HEAT TREATMENT

FOR HOME MACHINISTS

TUBAL CAIN





OEBPS/images/f0013-01.png





OEBPS/images/f0017-01.png





OEBPS/images/f0019-01.png





OEBPS/images/half.png
HARDENING,
TEMPERING, AnND
HEAT TREATMENT

FOR HOME MACHINISTS





