
Question 1

a)
i) The carbon from coal/coke reacts with oxygen to produce carbon dioxide in an exothermic reaction. More of the carbon then reacts with the carbon dioxide producing carbon monoxide, the reducing agent. Next the carbon monoxide will reduce the iron ore to produce iron and carbon dioxide.

ii) Fe2O3 + 3CO = 2Fe + 3CO2

b)
i) Iron metallurgy began in 1900BC, among the Hittite people. The early techniques spread to Turkey, Europe and in the 5th century BC Britain. Evidence suggests that the first processes were carried out in clay lined holes with an air inlet – a ‘pit furnace’. 

The method then evolved to become the ‘Bloomery process’, a direct process where burning charcoal with iron ore at 1000*c reduced the iron. Due to technological limitations at the time, the temperatures needed to melt iron were not achieved so no molten iron was formed, but a bloom – a spongy mass of solid iron particles surrounded by and mixed with slag. Following this the bloom was hammered to remove some of the slag. This iron was very soft so had limited applications.

As time went on the, the bloomery process evolved so that the simple pit changed into a deeper encloser with protective walls to insulate the insides. These developments lead to the introduction of the Stuckofen furnace in the 14th century in Germany and Austria. This round shaft furnace was 3-5 meters tall; ore and carbon fuel charged at the top and air was forced in at the bottom. As the iron ore descended, it was reduced to form a bloom at the hearth.

Further advancements brought the introduction of the Catalan furnace, with improved air blasts. These furnaces were larger and could reach higher temperatures to reduce the iron ore higher up in the furnace allowing it to absorb more carbon and impurities; this in turn lowered the melting point of the iron source. The temperature was maintained at the hearth to produce molten iron with approximately 5% carbon. These newer furnaces were an intermediate step in iron production, making it an indirect process. They produced more impure iron, making it more brittle known as cast iron; the cast iron was further processed (to remove carbon and impurities) before the final metal was produced.

By mid-17th century, blast furnaces were producing 2/3 tonnes of iron a day. Further developments during the 18th and 19th century increased the size, complexity and output; Charcoal was replaced with coke (a purer form of carbon), first commercially done in 1709; The steam engine technologies allowed for improved air blast capabilities; Hot waste gas from the furnace was used to preheat the air for more efficient reactions. And so modern ironmaking was born, technological advancements adapted the efficiencies of this method to reduce iron ore, forming pig iron in the modern-day blast furnace.





ii)
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Stuckofen Furnace

(The comparison of Stuckofen furnace and modern-day furnace have been organised in a table format, see below)
	Modern-day Blast Furnace
	Stuckofen Furnace

	For both furnaces, raw materials are added at the top of the furnace

	For both furnaces, hot air is forced in at the bottom of the furnace

	Product is pig iron (more impure and brittle)
	Product is bloom iron

	Molten Iron is produced as higher temperatures are achieved
	A bloom of iron is produced as melting temperature is unachievable.

	20-35m tall
	3-5m tall

	Indirect process (further processing in BOS plant)
	Direct process

	Coke is used as a raw material
	Charcoal is used as a raw material

	Air flow is improved
	Air flow is poor

	The airflow gas was preheated
	The airflow gas was not pre heated




Question 2

a)
Additive manufacturing techniques build a part by constructing multiple 2D layers to form a finished 3D part. In contrast, subtractive manufacturing removes material from a block in order to form the desired shape. 
There is typically less material waste when using additive manufacturing as no material is taken away during the process, however some additive manufacturing techniques require support structures that need to be removed after completion and often can’t be recycled or reused.

b)
Generally, a traditional machining technique removes material via shear deformation, using sharp cutting tools such as milling or drilling. Modern methods include ways to machine things without the use of sharp cutting tools, replacing them with thermal, electrical or chemical processes, some examples are laser beam and water jet cutting. 

As time goes on, more non-traditional techniques are favourable as they are able to cut through newer more difficult materials, meet the requirements to machine more complex shapes and can produce a higher quality surface finish. 

(The comparison of water jet cutting and a traditional machining process (CNC milling) have been organised in a table format, see below)

	Abrasive Water jet Cutting
	CNC Milling

	Uses to cut hard materials by accelerating abrasive particles in the water jet.
	Relies on hard tool or abrasive material to remove the softer material waste. 

	No heat affected zone present which eliminates thermal distortion.
	Friction from milling creates heat, the higher the heat, the more distortion present.

	Precise multiplane cutting of contours, shapes and bevels of any angle.
	Shape produced limited to tooling and angle of cutter, intricate shapes are often not achievable. 

	Limited tooling requirements.
	The tooling of this process limits what can be produced, smaller more intricate pieces would not be achievable. 

	Little to no cutting burr. No slag or cutting dross required in advance of machining.
	Burring is commonly found on the surface of a milled surface. Sometimes slag or cutting dross is required in advance of machining.

	No cutting tool distortion as a result of low cutting forces on the workpiece.
	Milling tooling often exert a lot of stress on the material, meaning that smaller more brittle items are more susceptible to fracture.

	Small kerf size reduces material wastage.
	Often lots of material waste due to the nature of cutting.

	Typical finish is high quality, usually 125-250microns.
	Erosion is not a problem for traditional milling, however overcutting and poor finish can occur.

	Can be used to machine very hard materials.
	The process material is limited to the hardness of the tooling.

	No secondary finish is required.
	No secondary finish is required

	No cutter induced metal contamination.
	Potential of cutter induced metal contamination.

	Cannot cut materials that degrades quickly with moisture.
	Can cut materials that degrades quickly with moisture.

	Surface finish degrades at higher cut speeds.
	The removal of material rate is high and the technique is relatively fast, however surface finish is also affected by cut speed.

	High capital cost.
	Relatively low capital costs.

	High noise levels.
	High noise levels.



c)
The process of electron beam machining (EBM) involves an electron gun bombarding a workpiece with accelerated electrons travelling 80% the speed of light. Magnetic lenses focus the electron beam and the electromagnetic coil controls its position. The beam generates localised heat (converted from the electrons kinetic energy), evaporating the workpiece surface. The rapid increase in temperature increases the surface of the workpiece to well above its boiling point, removing the material via evaporation. This is usually carried out in a vacuum environment. 

Advantages,
· Finishing costs are very low
· Process is economical
· Low to moderate production runs for thin parts, requiring small cuts.
· High degree of automation possible.
· Material utilisation is good.
· Machines small hole at a rate of 4000 holes per second.
· Can be programmed to produce any desired pattern.
· Suitable for small diameter, deep holes.
· Possible to machine thin delicate workpieces without mechanical distortion.
· Surface roughness values are in the range of 0.4-6.3micrometeres Ra, so has a high-quality finish (best surface finish compared to other processes).
· No problem with acute angles.
· No limitation to workpiece hardness ductility or reflectivity.
· Achieves high accuracy and repeatability.

Because of its wide range of advantages, it’s used in the following applications.
Applications, 
EBM has been used in nuclear and aerospace industries since the 1960s, its main applications include drilling small holes, cutting, engraving and heat treatment.
· Multiple small diameter holes in thin and thick materials
· Injector nozzle holes
· Small exclusion die holes.
· Irregular shaped holes and slots.
· Engraving.
· Silicon wafers for in the electronic industry.
Question 3

a)
i)ii)
Metallic casting is the production of solid crystalline states from liquid metal. Crystallisation is initiated at nucleation sites where impurities are present. These impurities can negatively affect the material’s mechanical properties, potentially making it more brittle and less durable. The more nucleation sites present, the finer the grain size. Where two grains meet a boundary forms, where boundaries are susceptible to corrosion, fatigue and weakness. The less grain boundaries present, the less weaknesses present in the structure so smaller equiaxed grains form which are usually desirable. Impurities are often located on these boundaries. A faster cooling rate will also introduce finer grain sizes as larger grains have no time to form so quenching is often done in industry to achieve this. Larger columnar grains are often undesirable as these products are coarse and exert a significant amount of directional heat loss.

Forging is the mechanical deformation of metals, increasing yield strength and ultimate tensile strength. The main advantage to forging over casting is that the product will have considerably less porosity (both inter-dendritic and gas). Also, through forging, the direction of grain flow can be utilised to make products of increased strength, reducing the potential of fracture. However, with forging, further machining is almost always required to achieve the end product making it less efficient with a decreased yield; in comparison to casting this is a downside. Forging has high production rates with the use of high-speed induction furnaces which make this process widely used in industry, although the dies are often expensive so it’s only cost effective if many units are being produced. 

Extrusion is where liquid metal is forced through a shaped die by pressure. The speed at which the product is extruded must be controlled for optimum quality, ensuring that cracking does not occur (known as fur/speed cracking). The largest disadvantage to extrusion is that the billet can react with the walls of the die which introduces impurities and potential rusting, compromising the quality of the project. Unlike forging and casting methods, extrusion is limited to low melting point materials and also products that are long length (such as tubing). Extrusion defects (specific to this process) can occur if all of the product is pushed through the die as most impurities and oxides remain at the back, this can be avoided if the yield is reduced to leave behind unwanted elements and improve quality. 

(An example of each processing type has been formatted in the table below)

	Process Type
	Dimensional control

	Surface finish 

	Intracity of shape
	Overall product quality (mech props)
	Cost effectiveness

	Sand casting
	Through sand casting there is lots of shrinkage due to a lack of pressure in the mould (relying only on gravity), so it is difficult to achieve precise dimensional control. Due to the nature of the sand mould, detailed shapes cannot be made with this type of mould. 
	The products surface finish after sand casting is poor due to inaccuracies in the mould. Also, the sand can burn into the surface of the product while in the mould, leaving behind marks on the surface. 
	Typically used to make larger shapes, the sand moulds are not capable of producing highly intracity shapes on a small scale. 
	Due to the nature of slow heating, coarse grains form during crystallisation, forming larger grain boundaries which are susceptible to corrosion fatigue and weakness. This compromises the mechanical properties of the product. There is lots of inter-dendric and gas porosity present in these products.  
	This casting method is highly cost effective, the process is relatively cheap to carry out, production periods are short and the sand mould material is reusable. Although it must be considered that this process is labour intensive so it does cost manual labour to run. The overall productivity is low so not much profit can be made per unit time. 

	Drop forging 
	Dimensional accuracy can be achieved through spending capital on moulds, however due to the high forces involved they wear easily, to maintain the control they must be replaced regularly.
	Surface finish is relatively poor using this method, further machining is usually required.
	Using this method, finely detailed shapes are unachievable, further machining is almost always needed, reducing yield. 
	The product will have considerably less porosity (both inter-dendritic and gas). Also, the direction of grain flow can be utilised to make products of increased strength, reducing the potential of fracture. Mechanical properties are good.
	With the use of high-speed induction furnaces, production rates are high, however the dies are expensive so this method isn’t cost effective unless lots of units are produced.  Additionally, this type of forging is extremely dangerous with hazards such as dust, noise, crushing so a large amount of money would need to be spent on health and safety to meet regulation standards. 

	Extrusion
	Dimensional control is good and can be controlled better through using a constant load (indirect extrusion) to ensure the speed is constant.  
	The speed at which the product is extruded must be controlled for optimum quality, ensuring that cracking does not occur (known as fur/speed cracking). This is a potential risk of using this method, potentially damaging the surface finish.
	Extrusion is limited to making products that are long length, high intracity shapes can be achieved as long as this criterion is met.
	The billet can react with the walls of the die which introduces impurities and potential rusting, compromising the mechanical properties of the product. Extrusion defects can occur if all of the product is pushed through the die as most impurities and oxides remain at the back, this can be avoided if the yield is reduced.
	Moulds can be expensive and dependant on the temperatures, and materials used can wear; this is expensive to continuously replace.



b)
Fusion welding is the process of joining two pieces of metal together through melting the parent metal, however solid-state welding only creates plastic metallic conditions to achieve the join, often resulting in a lower quality weld.

Considering the heat sources in fusion, the temperature must be excessively higher than the metals being welded and there needs to be adequate heat capacity supplied to melt the material. In order to produce a high-quality weld, the heat source is to be localised to reduce the amount of distortion, and also controllable throughout the welding operation. 

In contrast, the heat source temperature during solid state welding only needs to be high enough to produce plastic metallic conditions as no melting is needed. The heating method used (resistance, friction, kinetic energy) must be capable of producing sufficient heat capacity to create the weld. Similarly, to fusion, the more controlled and regulated the heat source, the better the quality of the weld. During solid state welding, a priority is preventing oxidation during the process.

A common type of fusion welding is manual metal arc (MMA) welding, also known as stick welding. This process relies on electrolysis and the P= I2 r equation to work. The arc is made stable by having a flux coating, in addition to potassium or sodium gas present to localise the arc. The flux forms a slag which insulates the arc, removes impurities from the weld area and stops the metal reacting with the atmosphere. The heat source can be controlled through adjusting current and flux thickness for better quality. Another advantage of MMA welding is being easily potable so it’s often used in the construction sector on components such as tracks. Also, MMA welding allows for the addition of alloys to the flux material, improving the weld quality. This process also has some disadvantages; the slag must be removed post weld; the process is not continuous; there is a low duty cycle of 20% flux covering; and also, MMA welding is done manually so is reliant on an operator to carry out.  There is a risk of hydrogen embrittlement with this method if the atmosphere is damp. It must also be considered a health and safety concern as ultraviolet rays are emitted during the process. 
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A different form of fusion welding is electron beam/laser welding where a localised laser or electron gun is used to bring the metal to melting point. Its applications differ from that of MMA welding, often being used for turbine blades, electrical components and other critical parts, ideally suited as the advantages of electron beam/laser welding include very small distortions as a result of confined heat sources. This type of welding is much higher quality than MMA, however is not very suitable for lots of applications as its only capable for small weld areas. The other disadvantages include being extremely expensive to carry out and the process (particularly laser) being very inefficient (2%). It also poses a health and safety concern with exposure to radiation. 

[image: ]

In solid-state welding, heat capacity is provided through friction, resistance or kinetic energy. In the example of friction welding pressure is applied to a rotating part in order to form the weld; heat in the form of friction is generated to bring the material to plastic-metallic conditions, welding them together. The main advantage of this method is its diversity, it’s one of the only processes that can weld dissimilar metals together and it can be applied to any metal (including copper which is notoriously difficult to weld). For this reason, it has a wide range of applications, including fasteners, shafts, valves and pylons. It’s also used to make bolts as this type of welding can join two different shapes together; however, one of the two shapes must be round which is a disadvantage to the process. It must also be considered that equipment costs for friction welding is high. A large problem with friction welding is that the rotating system must be immediately stopped after the weld forms, this can be difficult although to avoid this a friction stir welding method can sometimes be used.  
[image: ]

One form of solid-state welding using resistance is spot welding; this is where two opposite perpendicular forces (copper electrodes) are applied to two metals, the resistance at the centre will create the weld. In the way MMA uses P= I2 r, during spot welding a current is passed through the workpieces, producing heat. This simple method is used in general assembly processing as its clean and is suited to produce high productivity. Although often this method produces poor weld quality due to oxidation so is limited for use on non-ferrous metals. 
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