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Man is a tool-using animal … without tools he is nothing, with tools he is all.


Thomas Carlyle (1795–1881)


Safety is of the utmost importance in every aspect of metalworking. The practical workshop procedures and the tools and equipment used in metalworking are potentially dangerous. Tools should be used in strict accordance with the manufacturer’s recommended procedures and current health and safety regulations. The author and publisher cannot accept responsibility for any accident or injury caused by following the advice given in this book.




1 Introduction


This book is intended primarily to help those who are relatively new to the work of the machinist; the intention is to bring together in one volume a wide range of work-holding methods along with the principles behind them, many of which go back to the days before electric power was invented, even in some cases to the chair bodger in the woods and the clockmaker in the remotest valleys of the Alps. It is also intended to help the raw beginner in this line of work and to form a guide for those whose skills, and perhaps workshops, are not yet fully developed. Do not be surprised, then, to find an explanation of some things you know to be perfectly obvious. Too often, what is obvious to one is something another has never even thought about. The writers of manuals themselves are not always free from this sort of thinking. How many times do we read advice in a manual to use a suitable tool or carry out a task in the normal way? It is hoped that in these pages you will find out (or be reminded) what a suitable tool might be, and what the normal way is, and more than that, you may begin more clearly to understand why and to fill one or two of the gaps in your knowledge.


To start this process, we need to be clear about what we mean. Engineering has its jargon, like all trades and professions, so where there is a word that might not be familiar or one used in a special engineering or scientific sense, it will be shown first in quotes ‘thus’. The term ‘normal’, which we have just used in an everyday sense, for example, also has a particular (and quite distinct) meaning in engineering drawing: a ‘normal’ line is one at right angles to a surface or to another line. The term normalized is also used in describing a particular heat treatment of steel. Most such terms are explained in detail in the glossary towards the end of the book. It may help, too, if we are clear about other details of word use. This book is written in British English, so you can expect the spellings of words like centre and vice to be English.


The term ‘work holding’ generally means the method of fixing the job on which you are about to carry out machining, so that it is held firmly and accurately in relation to the machine. Accurately includes holding the work in exactly the right place, at the right height and at the right angle, as well as in a way that prevents movement away from this position during further work. In this book the coverage will be extended slightly to include holding the tool properly, as there are operations, such as milling, where the tool moves quickly under power while the job moves slowly, or not at all. Both need to be secure. In addition, there are manual operations, such as filing and polishing, which properly speaking, are distinct from machining but the processes, the problems and solutions are closely related just the same.


There are several reasons to carry out work holding in an organized and considered way. These are the problems you need to avoid:


◆Damage to you and others nearby.


◆Damage to the machine.


◆Damage to the cutting tool itself.


◆Damage to the workpiece.


◆Failure to achieve the required precision or surface finish.


These are not, in fact, separate problems: any one is very likely to come with others too.


Other things we need to get right depend on the nature of the job. Does it need to be part finished on one machine, taken to another for more work and returned to be finished off? In this case it may be helpful to hold the part using areas that are not affected by subsequent work or, alternatively, arrange to hold the work for the second and third operations relying on areas machined in the first. An alternative approach might involve a separate part made up specially to hold the work so that it can be located accurately on different machines. Perhaps there are several workpieces needing the same operation on each in turn. Do these workpieces need to be exactly the same, so that any of them can replace another without extra work? Again it might help to make a special ‘jig’ to hold the work rather than relying solely on off-the-shelf holding tools.


These are all aspects of repeatability and this need can impose further complications unless it is thought about well in advance. Some jobs present real problems with work holding because of their delicacy, or shape, or the need to machine to a fine finish all over. Others need to have milled faces, drilled holes and turned diameters in very exact relationships, even though these operations are normally carried out on separate machines.


The time to find or work out the solutions is before you start. When cutting a length from a stock bar, for example, might it be useful to cut it a few centimetres too long, so that the spare end can be used to hold the work until the very last operation? Could you make a pair of parts from one piece of stock, each machined by holding the other end, and then separated? Is it possible to arrange the sequence of operations so that, for example, a set of holes is drilled first, so that they can be used to bolt the part to a fixed surface and locate it accurately for the next operations? Perhaps the holes could be made undersize and tapped to enable the job to be bolted down from the other side, with a final drilling or boring out to the drawing size? Would it help to produce accurately positioned and reamed holes as locations for further operations even though the drawing only calls for a position within a sixteenth of an inch? Should the holes be done last, with the work, and the hole positions located accurately in relation to the newly machined surfaces? Might it be worthwhile to make, first, a fixture to which the work could be attached and moved as an assembly from lathe to mill to drill and back? Have you got all the fittings and clamps in the sizes you are going to need?


Getting this right at an early stage will avoid having to start work on a separate job part way through the first, so that the time taken in setting up accurately is not needed twice. An hour or two of careful thought at the start really can save a lot of time and frustration later. If you make a list of the operations with the details of work holding, mentally working through each operation in turn, it can help to ensure that the order is the most sensible and this will act as a reminder when you return to the shed, even if it is a few days later.


If your workpiece is irregular, or has a rough or knobbly surface, holding it to get started is going to need particular care. However accurate your vice or chuck and however much force you apply to the handle, unless you follow the rules, the work will not be held firmly. Not that these rules are set out anywhere in a machinists’ ten commandments, you understand, they are learnt like anything else, by reading, by talking with others and by making mistakes. For example, a vice – any vice – is designed to hold objects with flat, parallel surfaces. In the same way, a chuck is intended to hold work that is cylindrical, or perhaps a prism with three, or four, sides. This is fairly obvious, when you think about it. The nearer you can get to the conditions the makers had in mind, the more secure will be your workpiece. To hold a workpiece onto a flat surface, whether a faceplate or a milling table, there needs to be a flat surface on the work or at least something that acts in the same way. If only one, or two, of the surface knobbles on your expensive casting actually rests on the flat surface, movement during machining is going to be inevitable. Three lumps in contact, making a triangle, and you are on the way to success.


It is even better if the lumps have their own flat areas, so perhaps the first operation would be to rub down the part on a sheet of abrasive on its own flat surface. Once this aspect is sorted, the clamps, too, must be carefully positioned so that they only apply pressure within the area of the triangle of contact. Should any force be applied outside this area there will be a tendency for the workpiece to tip, as pressure is inevitably going to be reduced, rather than increased, from one of the contact points as the clamp is applied and tightened. In all cases like this where contact is only on a small area, there is a risk of damage to the accurate surface of the machine, so always remember to use a flat piece of copper, or aluminium, to protect the surface and be particularly careful not to bolt down onto chips of swarf.


A further factor to consider when working out how best to hold a part is the question ‘what will happen if it does start to come loose?’ If it is possible that the workpiece will be nudged in a direction that increases the load on the tooling, the work is likely to be dragged by the tool further into engagement with each revolution, leading very quickly to disaster. At the very least the tool will be snapped, the work distorted and the machine stalled. Perhaps the internal gears will be stripped of teeth and the motor burnt out. Do have this possibility in mind before you switch on and add an extra clamp or a locating block so that any movement that could lead to disaster is properly constrained. In addition, keep one ear tuned to the noise of the machine and be ready to hit the off button as soon as you detect any change.
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Fig. 1.1 A clamping kit like this in a size to match the slots in your machine is a good start for many workholding jobs. AXMINSTER TOOL CENTRE LTD
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Fig. 1.2 ARC 030-140-01500 Universal vice. This is not just any vice, but an accurate, solid, swivelling, tilting, universal machinists’ vice. ARC EURO TRADE LTD




THE SCIENCE BACKGROUND


Readers who can remember all their A-level physics can perhaps skip this bit if they wish. Others will need to understand some fairly basic science, mainly about force, friction, lubrication and leverage.


Force


Force is the scientific term for a push or a pull. Whenever metal is cut, forces are involved and it is important to understand how best to avoid any problems this might cause. Turning in a lathe involves forces on the cutting tool, usually downwards, resisted by the toolpost and its mountings, but there is an equal (and opposite) force on the workpiece, which is not so obvious as it whirls round. This whirling also causes this force on the work to vary in direction, and perhaps in size, continuously and adds new forces to the equation due to the rotation itself. It is the forces applied by the work-holding devices, and the friction this creates, that prevent the workpiece from moving in its mounting. Ideally this should rely on a positive location in the mounting, but where this is not possible we have to rely on friction alone. As this is less secure the solution is to take small cuts and take your time, so that the loads on all the vital contact areas are reduced. In a milling operation, there are forces just the same, but this time the tool rotates quickly and the work moves slowly. The principle of positive location of the workpiece can be easier to apply in this case, as it is usually simple to attach a stop-block to the table carrying the work.


It is important to understand exactly how the force is generated by the cutting process and how this can vary, not just in the size of the force, but in its direction too, as the cut is completed, so that you can ensure that there is firm resistance at all times. When work is held in a vice, for example, the direction of the cut should always be mainly towards the fixed jaw and not away from it, or sideways. This jaw is made in one piece with the base of the vice and so is more rigid than the moving jaw, and any variation in loading against the fixed jaw is also less likely to fidget things loose. A further advantage follows when the cut is towards the fixed part of the vice, and the vice is mounted so that its operating handle is towards you the operator: the hot sharp milling swarf will tend to be thrown away from you, which is better in every way.


Another effect of force is that it always causes distortion. There is no such thing as an absolutely rigid material, so there must always be a balance between the forces needed to hold work in place and to machine it, and the results of the distortion this produces. The side pressure from the cutting tool on a bar in the lathe will bend the workpiece, distort the chuck and the mandrel that carries it, push the mandrel away in the oil film in the headstock bearings and push the headstock out of line with the bed and the tailstock. Not much, in most cases, but it happens every time. Meanwhile the tool is pushed down and back against the toolpost and all the tiny clearances that allow the tool slide to move and the cross-slide to move and the saddle to move are shoved back, putting a load on the bed, which itself then twists, ensuring that neither the tool nor the work is quite where it ought to be. All these effects are worse on a machine that is small and spindly, or old and worn or badly adjusted, with cutting tools that are not perfectly formed and a bit blunt. Much of the distortion can be accommodated by taking a second, and perhaps a third, cut with the same tool settings as the final size is approached, as with each extra pass there is much less metal to remove, and so less force and less distortion.


Reasonable precision can generally be achieved with chunky metal workpieces, sensible clamping away from any thin or delicate areas and an understanding of what is going on; thin tubes and plastics though, inevitably need special consideration. With most engineering materials the forces we need to apply do not cause permanent distortion; any flexing springs back once the forces stop. In technical terms this is because we do not exceed the ‘elastic limit’ of the material. Any marks left from the clamping process show that in these areas the limit has been exceeded, so where this is likely to be a problem we need to think again. The use of softer metal strips between the jaws of a bench vice is a common example of this practice; a box of light alloy or copper offcuts should always be kept handy for use whenever such a problem is likely. In this process we are relying on permanent distortion of the softer metal until the areas in contact are large enough (and the pressures low enough) to resist further distortion. Remember, though, that there are some areas of contact where the pressure cannot be reduced in this way. In particular the bearing surface of a T-nut in the slot is fixed and there is no room for soft metal inserts, so there has to be a limit on how tight you make them.


Another principle that can help you understand force and how it affects things is to consider a log lying on the ground with two ropes on the end. You pull one towards you and your mate pulls the other to him. The log will move in a direction between the two ropes, more or less to one side or the other, depending on how hard each of you is pulling. If you apply two forces to something, the ‘resultant’ is a single force acting between the two. The same happens in reverse too. A single force can be split into two: think about a round bar resting in a V-block, where the down force of gravity produces a side force on both sides of the block. This is a very useful principle as this can simplify the clamping process whenever you can apply a force into a corner: one clamp can fix a part in two directions at the same time.


Friction


The resistance to sideways sliding movement when two surfaces are pressed together by a force. It is friction that gives tyres their grip on the road and your fingers their grip on the side of a glass. The harder you press, the more grip there is: in scientific terms, the friction increases as the force pushing the surfaces together increases. This understanding is vital in the workshop. It is friction that holds the machinery together, it holds the tool in its holder, it stops the nuts and bolts from coming loose and, in most cases, it is the only effect we rely on for our work holding. We don’t need to go into the mathematics or look at coefficients, or involved calculations, as long as the basic principle is understood.


Lubrication


Friction is reduced by lubrication, but mainly when the surfaces are already moving. Dry surfaces are always better when we need friction, although in our workshops there is no need (and usually no opportunity) to ensure clinical cleanliness of the surfaces in contact. A good wipe with a clean rag is usually enough, but sometimes it can help to use a strip of strong paper between surfaces where extra friction is needed. Steel on steel or cast iron give good results: the railways rely on this friction to drive tons of train along as well as to stop them. Most workshop metals are about as effective too, but some plastics can present problems. Materials such as PTFE (Teflon), which is used for coating non-stick pans, could be expected to be rather slippery and might need to be located more positively than by relying on friction alone. One other important factor is to be sure there are no loose particles between surfaces. If there are bits of swarf, or other debris, or sawdust between the clamped surfaces, or burrs on the edges from previous operations, the friction (as well as the accuracy) is likely to be much lower and damage is likely. Trapped swarf is likely to embed itself in the softer surface (and sometimes the harder one too) and as a result what started as a reliable location becomes insecure and loose enough to move. Friction between clamped surfaces can be increased by interleaving paper; decorator’s lining paper can be very effective. Avoid any papers that are shiny, or are embossed or printed – it is the exposed fibre of the paper that is most helpful.


In many cases the load that pushes the surfaces together is applied not directly, but using some sort of clamp (usually more than one). This is where the science of levers can be important.


Leverage


Leverage is the process by which a force in one place can be transferred to another, using a solid bar with a pivot or fulcrum to push against. This can be at one end or somewhere in the middle. A lever is also a way to change the direction of a force – changing a pull into a push or moving it through an angle. There is also a relationship to do with the length of the lever and the distance from the pivot. When you open a tin of paint, or take a tyre off a bicycle rim, you are using levers. The long end of the lever has your fairly gentle force applied and the short end turns this into a much stronger force to do the business.


Working out the best application of leverage is fairly simple. Think about a plank resting centrally across two boxes. If you stand in the middle of the plank, your weight is carried equally by each box, because the lengths each side are equal. Move so that you are two-thirds of the way along the plank and the weight carried by the nearer box becomes twice that on the far one; the distances are in the ratio two to one, so the forces are in the same ratio. This understanding is going to be important when ensuring that you get the greatest force on the workpiece (to hold it firm) with the least force on the equipment (to avoid damage).


Vibration


Before we leave the science background it will help to look briefly at vibration. Rotating parts do not always cause vibration, but too often this cannot be ignored. It all depends on the position of the ‘centre of gravity’ of the rotating assembly. If its mass is centred exactly in the middle, all will be well, but in practice this is difficult to achieve. The easy way to move the centre of gravity without moving the workpiece is to add extra mass on the lighter side, and this is generally needed whenever turning is to be carried out on an offset part, such as a locomotive driving wheel with its built-in, out-ofbalance segment. The effect is worse if the mounting of the machine is not properly stiff. If the machine can shake on the bench, or the whole bench can shake on the floor, there will be speeds at which even a minor out-of-balance can send the whole affair into a wild rhythm. Another cause of vibration is a mismatch between the capability of your machine and the particular set-up at the time: in other words, trying to do too much. Flexibility in the machinery can also lead to vibrations that are nothing to do with out-of-centre masses. The result shows as an odd noise, accompanied by a wavy or chequered pattern in the finished turning as the tool digs in and then springs back repeatedly. The solution to try first, and usually the easiest, whatever the cause is thought to be, is to change the speed of rotation. What you need to avoid is what is called ‘resonance’, the effect in which the shaking is at the same frequency of rotation or an exact multiple of its frequency. The effect can sometimes cause odd noises elsewhere in the workshop, as some unconnected part starts to rattle in sympathy with the speed of your rotating parts. Speeding up or slowing down, even by a small amount, can help to keep any vibration effects within sensible bounds, otherwise the answer might be to carry through this troublesome operation so slowly, or to limit the depth of cut, that the vibration does not amount to a problem.


MEASUREMENTS


A few words about measurements – the UK has been trying to get to grips with the metric system for many years, and many of our readers will have been educated almost entirely with metric units. Accordingly, we will use the metric system too, but that won’t stop the occasional reference to ‘an inch or two’, just for old time’s sake. My advice to anyone who still has difficulty with the metric system, or indeed with oldfashioned inches and sixteenths, is to equip yourself with some electronic aids, a calculator and a digital calliper at least. The calliper will change metric dimensions to imperial in an instant as you measure and the calculator will help in turning fractions of an inch into something that any modern schoolboy can understand. In any case, although super precision is a requirement for some model making or similar tasks, most of the tools you might need for work holding itself do not need precise dimensions or super-flat surfaces. Some do though, and some need accurate angles too, but always remember that the accuracy you get is limited by the inherent precision of your machines, your measuring equipment and the rest of your workshop. Certainly it is possible to achieve very precise work, but only with very expensive tooling, a long and costly training period and even then in a controlled environment where the temperature in particular is held steady.


FINISH


Because the amateur machinist tends to be working to produce one or two parts of a given design, and rarely more than three or four identical parts, many machining jobs can take much longer in the setting up and finishing than in the cutting of metal. This is inevitable, but one additional reason for jobs to take a long time relates to a tradition among machining publications, and their writers, that only work of exhibition standard should be illustrated. Writers of the old school, who went through an old-fashioned apprenticeship, are naturally very proud of their skills and their superbly equipped workshops and they do not want to lower their standards. This is reflected in their writing as well as in their worked examples and has naturally led beginners to try to achieve the same high standards from the start, even for parts that will never leave the workshop. This, in turn, has led to frustration in those who are not yet so accomplished or so well kitted out.


The real world, though, does not have to be like that. Of course, the driving wheels of a model locomotive really do need to be round and the same diameter, and their axle bores concentric, not just because that looks right, but because without this accuracy the finished product will not work properly. But if you are making a clamp or a bracket for your own workshop use, it really matters a lot less if the holes are not exactly in line or the edges machined all over and then draw-filed to perfection, as long as the finished part performs the function intended. Do not be disheartened if your early efforts do not display the craftsmanship that will come with practice. At the same time though, you should learn from each task, note any imperfections, and consider how you might do better next time.


Among the things that do matter for every job, and not merely for appearance, is the finish of the edges and corners. All machining can leave a ‘burr’ on the edges, especially along the trailing edge of the cut, and these burrs can cause serious problems. They can prevent the work from sitting properly against the locating fixtures, they can put permanent bruises on the surfaces of your machine and they can cut your fingers to ribbons. It is simple and quick, to use a ‘smooth’ file to remove any burrs or sharp edges and corners after each operation is completed, producing a small chamfer on each of the edges. Do the same with any holes, using a big drill bit or a countersink. One of the handiest tools alongside my pillar drill is a small rechargeable screwdriver fitted with a countersink bit.




2 Workholding on Lathe and Milling Machine


What follows may seem to be set out in a rather odd order, but I have tried to achieve a logical flow from the relatively simple in practice to the more complicated. As the lathe is the first machine tool many of us acquire, and as the lathe comes ready fitted, almost always, with a three-jaw chuck, that is where we will start.


THREE- AND FOUR-JAW SCROLL CHUCKS


The most common way to hold your work for turning is in a chuck, especially if the work is round or nearly so. Chucks come in a range of sizes and designs, all of them ideal for some jobs but not so good for others. For turning short work of moderate diameter, the three-jaw chuck can be used on its own. Simply adjust the jaws to size, position a short piece of bar between them as far as it will go, tighten the jaws and that is the work-holding part of the job complete. The T-shaped chuck key is all you need for this, and you should never use an extension or other means to increase the leverage; this is likely to cause permanent damage to the internals of the chuck. Perhaps the work will not be held as accurately central as could be, but it would be perfectly adequate for making a thick washer or spacer, or similar simple part. If the component is rather larger in diameter, up to the diameter of the chuck itself, the jaws can be replaced by an alternative set, or reversed in their slots, depending on the exact design.






	Morse Tapers – common sizes





	MT1


	MT1


	MT2


	MT3






	Taper per foot(in)


	0.59858


	0.59941


	0.60235






	Small end(in)


	0.369


	0.572


	0.778






	(mm)


	9.37


	14.53


	19.76






	Large end(in)


	0.475


	0.700


	0.938
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