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Metals

Rolling can be separated into two types, hot and cold. While both types are effectively the same process, as is suggested by the names they involve different temperatures. When hot rolling, pre-heated metal is fed into rollers at a temperature above its natural re-crystallisation temperature. This means that once the metal has passed through the rollers, any structure changes which have occurred are able to relax, and return to an unstressed state. Hot rolling is generally used to change the shape and geometry rather than changing the physical properties and adjusting the microstructure.

Cold rolling on the other hand is done at a temperature below the natural re-crystallisation  temperature of the metal. Once the metal has passed through the rollers, the structure does not return to normal. During the process, defects are introduced into the structure, which increases the hardness and yield strength of the metal. The defects help prevent further slip of the grain structure. 

Cold rolling increases the yield strength and hardness of a metal by introducing defects into the metal's crystal structure. These defects prevent further slip and can reduce the grain size of the metal, which can result in hall-petch hardening – a method of strengthening a material by reducing its relative grain size.

Bending of metals generally does not affect the structure of the material, unlike the rolling process. Metals are generally a ductile material, meaning they can be formed with relative ease. Bending is used to create new shapes from simple shapes of metal, by contorting it past its elastic limit, ie, it does not return to its original form once the load is removed. Bending does have some undesired results however, the line along which the metal is bent changes shape, since the outer radius of the bend is in tension and the inner radius is in compression. The thickness is reduced at the bend and material is deformed outwards at the edges, increasing the overall width. It is also important to bend the metal at right angles to the grain structure, or it may weaken it significantly or even cause it to split. Bending of a metal becomes proportionately harder as thickness is increased, due to the outer radius of the bend acting under increasing levels of tension as thickness increases. With thick metal, it is very likely that splits will occur with cold bending, when a significant angle is desired. This problem is solved by heating the desired area, allowing easier grain slip which results in easier bending. When allowed to cool naturally, the grain will relax into an unstressed state, producing a more natural stability of the metals structure, rather than relying on bending the material past its elastic limit, which will leave the bent area in a constant state of stress.

Cutting of metals can be achieved in a variety of different ways. The most common ways are by removing a small section of material (eg, cutting with a hacksaw) or for a thicker metal, melting a section of material out with oxyacetylene. The most widely used method of separation is to use a toothed blade. This effectively grinds out a section of material the same thickness as the cutting blade, resulting in two pieces, which when lined up together will now be of a slightly shorter length. As well as separation, surface cutting work can be done with metals, for example when using a lathe. The general rule with metal cutting is that the cutting tool must always be harder than the metal being cut. This reduces wear on the cutting tool and allows the metal to be cut easier. Precision cutting can also be done with laser cutting, as well as electric wire cutting. 

Joining of metals in most cases is done by drilling and bolting or riveting. These methods obviously do not change the structure in any way, other than the removal of material to produce a hole.  However, the strength of the join is only as strong as the bolt or rivet used. This is where you would require a more heavy-duty method. Other common ways to join metal are with soldering/brazing or welding. Soldering is a simple process where molten material is added to bridge a join between two other sections. Soldering does not affect the structure of the two pieces being joined – it only acts effectively as a ‘glue’ which holds the parts together when set. Soldering is a reversible process, requiring only to melt the joining substance again. Usually with soldering, a tin/lead based metal is used, as it has a low melting point. A flux core allows the metal to flow once molten. With brazing, a copper-zinc/silver mix is used. This requires a higher melting point and is ultimately stronger than soldering because of this.

A final method of joining metals is with welding. There are many different forms of welding (arc, mig, tig etc) but they all run on the same basic concept of introducing high temperature via a large electrical current, within a gaseous atmosphere to melt material together. A circuit is created through the metal, which when completed with the welding material (can be mild/stainless steel, aluminium etc) produces massive heat, which melts the immediate location, adding more material to the melt, and finally cooling and solidifying to produce a joined piece. Welding differs from soldering as the internal structure of the metal is changed, due to the contact patch of the welding material all melting together. Welding is therefore irreversible, unless cut. Welding produces a join which is very strong, as though there had never been a join there in the first place. Welding can get complicated however with larger thickness or metal. If there is not enough heat generated throughout the entire thickness of the metal, only the very surface of the metal will melt together, producing a bad weld. Higher currents would be required, or even using ‘friction welding’ where heat is generated between two surfaces by friction – generally caused by a rotating force. The entire face of the mating surfaces are heated uniformly, producing a solid weld throughout the whole thickness of the material.

Forming of metals is possible mainly due to the ductility properties of the metal. This covers changes such as forging, rolling, and injecting. These are all common practices. Most forming processes involve the use of heat, to either melt the metal completely (in the example of injecting) to force material into a preset die, which the metal then takes the shape of. In the instance of forging, the metal is heated to a point where its ductility increases significantly, but it is not in a molten state. This allows shapes to be made easier, and also promotes uniform grain flow within the finished component, increasing strength. Cold forming processes are also used, in an example of knurling. Tools are pressed into the surface of the metal, which is then ‘moved around’ without it ever really getting hot, until it takes the shape of the forming tool.

Polymers

Rolling of polymers is generally only done as a method of changing the dimensions of the material, however other properties can be introduced. It is commonly done hot, so ductility is increased and the materials elasticity is reduced, meaning the material will remain in shape when the load is removed. It can also have the effect of grain elongation (where grain exists in a polymer), which allows greater flexibility. Grain structure can also be compressed in some cases, which increases toughness.

Bending of polymers is a common practice. As was the case with metals, the outer radius of the bend is under tension while the inner radius is under compression. This again means that splits are common. Therefore, heat is normally used to allow bending to take place. There is also the issue of elasticity with polymers. There will always be a certain amount of ‘spring’ when bending them, so once the bending load is removed there is likely to be a certain amount of return movement due to polymers being much more flexible and having a much higher elastic limit than that of metals. Heating them reduces this spring effect, as once cooled, there are no acting stresses on the material as the structure has relaxed.

Cutting of polymers is a relatively easy process, due to the comparatively low toughness and hardness of them. Toothed blades can be used (in the same way as with metals), as well as hard, sharp objects, such as a knife. Hot wire cutting is sometimes used for higher accuracy parts, where a small section of material is melted away with a hot wire passing through it. 

Joining of polymers can again be done by drilling and bolting/riveting. In this case, it is more favourable as the metal bolt/rivet is most likely stronger than the plastic, so will be quite strong. There are also methods of ‘plastic welding’. There are two main methods of doing this, ones which involve heat to melt the mating faces, or using solvents to chemically change the structure. 

With heat-type welding, the temperature of the polymer is increased until both faces are melted together. This effectively makes the two pieces become one and the same, as with metal welding. There are variations on this concept, such as using friction, or ultrasound, but all these methods rely on heat being generated to melt the surfaces. 

With solvent-type welding, a chemical is added to the mating surfaces which causes them to go into a liquid form, while at room temperature. The polymer chains are then free to move around within the liquid created, which causes a strong join once solidified. With this method it is possible for the chemical to penetrate through the polymer, allowing more of the material to be joined together, rather than just the surfaces. Once the chemical is drained or evaporates, the polymer once again solidifies, now as one joined piece.

Forming of polymers is again similar to metals. A common forming process is injection moulding. This involves a polymer being melted down into a liquid form, which is then injected into a mould, which then cools and solidifies. The finished item is then removed from the die and the process is repeated with new material. Generally, is it not possible to cold-work polymers significantly, as cracks will occur. Similarly to hot forging with metals, there are processes for polymers which involve heating a slug of plastic to a state where it is very ductile, but not molten. Pressure is then applied down on the slug, forcing it into the shape of a mould.

Ceramics

Rolling of ceramics cannot really be applied in many ways. When hard, most ceramics cannot be rolled at all, due to a very high hardness, low ductility and high brittleness. However, before being set, it is possible to roll ceramics, eg, working clay before going into a kiln to be baked/hardened. In this case, rolling would only affect the dimensions of the material.

Bending is again not really applicable. In its workable form, a ceramic can be bent, but this is really more of a forming process than a bending process. Due to their high hardness, low ductility and high brittles, ceramics generally cannot be bent. 

Cutting of ceramics can be performed by producing a weakness – ie, scoring a line and then snapping the material across this line. This is really only introducing a defect into the surface, then using a force to propagate this defect. It is possible to grind away a section to make one ceramic part into two, but great care is needed as too much pressure can cause the material to break easily as they generally have low impact resistance, and due to the high brittles, shatter or break.

Joining of ceramics is not really possible. Normally, if a special shape is required it will be done using a forming method. It is possible to join a ceramic by drilling and bolting/riveting, however this is not a common practice and would significantly weaken the material, causing a weak point that would break if put under any future stress. 

Forming of ceramics can be achieved. Eg, a process called sintering involves injecting a ceramic powder into a mould using a binding agent, ejecting it from the die, and then putting it through high temperature treatment which melts the particles together. This is a very small tolerance process which produces some high quality parts. 

With some ceramics such as clay, it is possible to form a shape from the material in its wet form, then bake it at high temperature which sets it. 

Composites

Rolling of composites can be done for some, not for others. Composites can be made up of a massive range of different materials, meaning an almost unlimited amount of combined properties can be created. However, for the purpose of rolling, an example of cement could be used. Cement can be rolled to shape in its wet form, to thin it out and fill an area. Effectively as a liquid, it cannot be compressed, so no grain structure changes occur, other than forcing any trapped air out of the material. Once set, it can no longer be rolled due to its brittleness. In contrast, a composite such as carbon fibre could not be rolled at all. 

Bending of composites is generally not possible, due to them being made up of combinations of different materials. In an example of fibre glass, this is made up of two separate flexible materials – a polymer and a glass fibre weave mat. Separately, the polymer or resin can be bent, as well as the fibreglass mat being flexible. However, when these two materials are combined, they create a stiff, brittle structure. It does have some degree of flexibility, but the elastic limit and the UTS would be very close together, meaning an excessive bending force will just break the material, where a small bending force will just spring the material.

Cutting of composites again depends on the composite. With concrete, it is possible to separate one piece into two by stone grinding away a section, leaving two separate parts. With carbon fibre, it is possible to cut with conventional means and then file or sand to shape. However, the section, which has been cut, may need to be resealed to prevent it from being porous. 

Joining of composites again depends on the composite. With concrete, you would re-join two pieces by adding more concrete. Due to its porous nature, the structure should rejoin somewhat. With carbon fibre or fibreglass, glues or resin can be used, as well as drilling and bolting/rivnut/riveting. This would not change the structure though. During initial production, it is possible to join sections of material as long as more resin is added before the previous part has hardened.

Forming of composites is done in the liquid stage. In the case of fibreglass, the mats would be laid down inside a mould, which then get ‘painted’ over with resin, before more sheets of fibre are added and more resin is painted. The whole piece is then removed from the mould once set. Composites generally cannot be formed using any of the other methods described in earlier sections. 

Smart Materials

A good post production use of a smart material is quartz in watches. As well as sharing some properties of a ceramic, quartz is also a smart material. The quartz acts as a time keeper for an electronic oscillator inside the watch. Coupled together, this produces a very precise frequency. The quartz is a piezoelectric substance, which means it can change shape within an electric field. Effectively, the crystal creates a constant pulse which enables the clock to keep time.
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Cast Iron – Lathe bed and road Bridge.

Cast iron is a durable, hard, brittle, dense material. This is mostly due to a high level of carbon steel. In the application of a lathe bed, the top layer of the iron is sometimes carburised further to increase surface wear resistance.  High wear resistance is important in accurate machinery so a repeatable item can be produced consistently. Eg, when moving the tail stock or tool post, it would be very important that the bed surface does not wear down at all so accuracy is maintained over time. It also needs to be able to withstand vibrations from tool use and even failures. The density of the lathe means it will remain stable even under the hardest of use, as the weight of the lathe does not get offset by the rotational weight of the motor, chuck and job. The surface toughness is also important, in the fact that it will be resistive to a chuck getting dropped on the bed, or any other heavy item dropping on it. This means it will always remain accurate, if looked after. 

In a road bridge, cast iron is useful due to its durability. It has a low yield strength compared to its UTS, but these figures are very high to begin with. This means that there would be little or no deformation occurring in the structure. This would be particularly useful to resist against winds, combined frequencies of bodies passing over the bridge or even impacts from cars. It is also quite weather proof, taking a very long time to become weak from rust due to the density. It also doesn’t expand much in heat compared to other metals. 

Steel – Suspension spring and lathe cutting tool.

In a lathe tool, steel is a very good material to use. It is an easy metal to work, allowing it to be sharpened easily and quickly and withstands heat well. It is also good against vibrations, which would be a common occurrence in a high speed lathe tool. With the right levels of carbon, it could easily be heat treated to be hardened, which would improve its cutting efficiency, and increase the time between sharpening.

In a suspension spring, for a metal, steel has a high elastic limit. This allows it to take large bumps and loads and always operate within its elastic range, meaning no permanent deformation will ever take place. It also has a high UTS compared to its yield strength, meaning if for some reason the spring was compressed past its elastic limit, there would be a good chance you could at least drive home or to a garage without the spring destroying itself. Due to the large number of coils in a suspension spring, the overall deflection that each individual coil is receiving is minimal. The shape also promotes a linear bend for each coil, rather than a torsional force which would damage the metal much easier. Steel also has good durability, so the spring would last a long time before the metal started to fatigue and fail to operate as efficiently. 

Rubber – Vee belt and Electrical insulation

For a V belt, rubber works well. Rubber has a very high elastic limit, meaning it can stretch a long way without being permanently deformed. This is useful, as the belts are constantly getting stretched when being taken on and off, in the application of a pillar drill for example. Rubber also has high ductility, so there will always be maximum surface area of the belt in contact with the pulley. Rubber also has the property of gripping harder when warm, so if set slightly lose, although initial slip may occur, the friction caused would warm the belt causing it to grip into the grooves better. However, heat also has the disadvantage of increasing stretch, thus possibly reducing grip. Other than this, rubber withstands heat well. 

As electrical insulation, rubber is an excellent choice. Primarily, it is an insulator, meaning it does not allow electricity to pass through it. This would therefore always shield the metal core of the wire from the possibility of coming onto contact with a short, unless cut. The softness of the rubber also allows ease of stripping back to allow connections to be made. As stated, rubber can also withstand quite a bit of heat, which it also insulates against. Therefore, if the internal core of the wire gets hot, the rubber should be able to take a lot of heat before it melts, as well as shielding the operator from the hot wire. Rubber is also waterproof, so it also shields the wires from corrosion and the possibility of a short from water.
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