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There are many metal-working processes used for the creation of metal components. Three examples of fabrication techniques are forming operations, casting processes and additive manufacturing. A process from each of these techniques was chosen to be investigated and presented in this report. 
To represent forming operations the extrusion process was selected. The casting process chosen was sand casting. Powder metallurgy was the final process selected, which is an additive manufacturing process. 
Criteria for success within this report included ensuring each of the following were presented:
1. Definition
2. Applications
3. Advantages and Disadvantages
4. Typical Microstructure
5. Ultimate Tensile Strength (UTS)
6. Common Defects
7. Measures for Prevention of Defects
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As can be seen in Figure 1 and 2, extrusion is a process in which the billet is forced through a small opening in the cross-section of a container, referred to as the die. The shape of the die will determine the cross-section of the processed material.  The billet is forced through the die by a ram exerting compressive force on the material.  Extrusion may be heated or unheated and materials commonly used include metals, sintered alloys and plastics. (Johnson & Kudo, 1962) 
Post processing heat treatment is often used on extrudates, to improve physical properties such as tensile strength, yield strength, corrosion resistance and surface finish. (D. Scott MacKenzie, 2016)
[bookmark: _Toc157769999]Application
Due to the need for strong but lightweight structural components within architecture, aluminium extrudates are commonly used in the construction industry for the frames of windows and doors. Extruded aluminium is also used within the architectural industry for outdoor components, as corrosion resistance and ease of assembly is essential. (Benedyk, 2022)
The aluminium-magnesium-silicon alloy, AA6N01 is a commonly used material for the extrusion of large and complex cross-sections, such as the bodies of high-speed trains. (Zhang, Wang, Zhang, Zhao, & Chen, 2019)
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[bookmark: _Toc157770001]Advantages
Extrusion has a low cost per part produced, due to its semi-continuous nature and the reusability of the dies. Extrusion is considered a semi-continuous operation due to its ability to extrude many parts from a single large billet. However, the process will cease when the billet needs to be replaced. High production volumes and good surface finish are more advantages of extrusion. Extrusion is compatible with many different materials, the use of which will give different mechanical specifications for the product, dependent on customer needs. (Paul Murphy Plastics Company, 2024)
[bookmark: _Toc157770002]Disadvantages
A disadvantage of extrusion is the requirement for a highly compressive and variable force for the ram pushing the billet. (Velling, 2024)
Wasted material is of concern during extrusion. The rear end of the billet, referred to as the butt, is unusable material as it contains oxides from the surface of the billet. (Righton Blackburns, 2021)
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The final microstructure is determined by the temperature and speed of the extrusion. This is due to the parameters’ effect on the materials recrystallisation, which determines the mechanical and physical properties of the extrudate such as texture and grain growth. (C. J. McMahon & Graham, 1995)
Dynamic recrystallisation occurs when extruding aluminium alloys, which transforms the deformed grains of the billet to be of almost equal size, referred to as equiaxed grains. These grain structures tend to be elongated in the direction of the extrusion. (Zhang, Wang, Zhang, Zhao, & Chen, 2019)
The UTS of an extruded material is dependent on the material and the specific form of extrusion conducted. A profile extrusion of the aluminium alloy, 6063-T6, with 10-25mm wall thickness, has an UTS of around 214 MPa at a temperature of 24˚C. (MatWeb Material Property Data, 2024)
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[bookmark: _Toc157770005]Surface Cracking
Cracking on the surface of extrudates is a common defect. Surface cracking occurs when there are excessive stresses on the surface of the material during processing, such as the presence of high friction, temperature difference or speed of extrusion. (Velling, 2024) 
The speed of extrusion and a low temperature difference between the die and the billet are important factors to consider for the prevention of surface cracking. 
Use of lubricants also aids the prevention of surface cracking. Lubricants lower the frictional forces present during extrusion, reducing the stresses on the surface of the material and decreasing the risk of surface cracking. (The Library of Manufacturing, 2024)
[bookmark: _Toc157770006]Internal Cracking
Cracking within the centre of the extrude is also a common defect during extrusion. The cause of internal cracking is low friction and a low extrusion ratio. 
A low value of extrusion ratio indicates less pressure on the high area parts of the cross-section, meaning the extrudate will not have undergone the necessary microstructural transformations and will be weak. The weakness of the structure leads to internal cracking. (Varley, 2024) 
See index 1 for information on extrusion ratio. 
The die angle is the angle between the surface of the billet and the edge of the die. The optimal die angle relies upon the parameters of the extrusion and the specifications of the material. The selection of the optimal die angle is essential to limit internal cracking. (The Library of Manufacturing, 2024)
[bookmark: _Toc157770007]Piping
The occurrence of a funnel shape on the edges of the extrudate is a common defect during hot extrusion, called piping. This defect is the presence of a cavity at the edge of the extrudate, caused by a lack of pressure at the edges of the material, causing it to permeate the die with uneven edges. Piping is particularly common in 6xxx series aluminium alloys. Measures to help prevent piping include the use of a dummy block to ensure consistent pressure. (The Library of Manufacturing, 2024)
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Displayed in Figure 3 and 4 are the process steps and process diagrams of sand casting, where sand is utilised to create a mould, by being rammed around a pattern to produce the desired shaped cavity. Molten metal is then poured into the cavity and solidified to create the desired shape of the product. (Sithole, Nyembwe, & Olubambi, 2019)
[bookmark: _Toc157770011]Applications 
Sand casting is commonly used in the automotive industry to produce parts with complex geometries such as engine blocks, cams, bushings, bearings and pistons. Sand casting is also utilised for the creation of components for the medical and agricultural sectors. (Cavallo, 2024)
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Sand casting is adaptable to produce large or small parts or for the use of different materials, as any metal is suitable for sand casting. 
Generally, tooling and production costs for sand casting is low. The off cuts of material from the process are recyclable, as the metal can be re-melted and re-poured into the mould. Sand moulds are also reused for multiple castings. 
[bookmark: _Toc157770014]Disadvantages
Sand casting results in weaker parts than machined equivalents due to the porosity of the material. Porosity is discussed in section 4.5.1. The surface quality may be improved by post-processing operations; however, the cost of post processing operations can be significant. (Industrial Quick Search, 2024)
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Dendrites are formed as the liquid metal cools. In addition to these structures, particles of impurities, called inclusions, and porosity can be found within the microstructure of cast metals. (Open Learn, 2024)
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[bookmark: _Toc157770040]Figure 5- (Open Learn, 2024)
Figure 3 displays the formation of grain boundaries and dendrites of cast metals.
The aluminium alloy 356-T6, after sand casting will usually provide an UTS of 234 MPa. (Matweb, 2024)
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The most common defect that occurs during sand casting is porosity. Porosity is caused by trapped gas in the mould; the cooling metal then forms around the gas pockets causing defects. The presence of the gas pockets is due to the molten metal containing dissolved gas. Techniques used to avoid the dissolved gases within the liquid metal include vacuum melting, controlled atmospheres and care while pouring the liquid metal into the mould. The use of sand as the mould and allows gases to escape while the metal solidifies, as it is a permeable material which helps reduce porosity. (DeGarmo, 2003) 
[bookmark: _Toc157770018]Turbulence
Pouring the metal into the mould too quickly causes turbulence, which may also lead to porosity defects within the cast, as the turbulence introduces gases to the mould. Turbulence may also cause cavities to appear in the cast metal, either on the surface or internally. Sensitivity to turbulence is determined by the material, examples of turbulent sensitive materials include aluminium and magnesium. The gating system that is responsible for the pouring of the material may be optimised to limit the turbulence. For turbulent-sensitive materials a suitable gating system will slowly pour the liquid metal in to the mould. (DeGarmo, 2003)
[bookmark: _Toc157770019]Shrinkage
Solid metals are less dense than their liquid counterparts, meaning the final part to solidify will experience shrinkage. This effects the casting accuracy and means the metal will not fill the mould and create an incomplete casting. Shrinkage is dependent upon the material being used, for example aluminium will shrink at least 6% after solidifying while copper is known to shrink around 5%. (Haworth Castings, 2015) 
The use of risers and runners may be implemented into the process to prevent shrinkage. A riser attaches to the point of entry of the liquid metal and allows the final solidification of the metal to occur outside of the mould. This ensures that the shrinkage is contained to a part which is unnecessary to the final product. Runners feed the mould with extra liquid as it solidifies to prevent cavities. Any solid material cast into the runners or risers will be removed from the final component. (DeGarmo, 2003)
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As shown seen in figure 6, powder metallurgy features pressing powdered metals into a rigid die to reshape the material into the desired shape. Powder metallurgy processes can be divided into four steps: powder preparation, mixing and blending, compacting, and sintering. For detail on each of these 4 steps see index 2.

[bookmark: _Toc157770023]Applications
Specific uses include the creation of tools, jet engine turbine discs and medical instruments. 75% of powder metallurgy production is for the automotive industry. The most common use within this industry being gears. Other uses within the automotive industry include components for the steering, exhaust, engine, fuel system, and connecting rods. 85% of powder metallurgy production use iron and low alloy steels. (DeGarmo, 2003)
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Powder metallurgy processes, possess fine tolerances at a comparatively low cost, for the precision achievable. Powder metallurgy is an efficient and environmentally friendly process, due to its low waste output, 97% of the original material is used in the process. (Industrial Quick Search, 2024)
Powder metallurgy is also flexible in terms of material. The ease of combining materials in powder form, with the use of a binding agent, is a unique advantage of this process. A mixture of metals and non-metals may be combined. The ability to combine materials allows the process to produce magnetised parts and offers control over the magnetic properties of the components. The mixing and blending process of powder metallurgy also ensures the chemical homogeneity of the product, this quality ensures the product has consistent chemical structure throughout the part. The chemical homogeneity of parts produced by powder metallurgy ensure they are highly resistant to wear. This quality is why it is widely used for automotive and aerospace applications. In these industries it is essential that parts will resist wear. (Industrial Quick Search, 2024) 
Control over the porosity of this process is an advantage as it is a unique feature and allows for the creation of porous filters. However, porosity is generally considered an unwanted defect for this process.  

[bookmark: _Toc157770026]Disadvantages
There is a high cost for the tools needed for powder metallurgy, particularly for specialised and complex geometries. A long processing time is required of powder metallurgy, this leads to slower production rates than other metalworking processes. Porosity is also a disadvantage of the process that can affect the strength and integrity of the final product. Parts produced by powder metallurgy may require post processing operations to improve surface finishes.



[bookmark: _Toc157770027]Typical Microstructure and Ultimate Tensile Strength
Microstructures of materials after sintering is uniform and fine. Powder metallurgy creates small grains with many gain-boundaries. TiAl alloys possess coarse microstructure, leading to poor mechanical properties, however powder metallurgy improves the microstructure of this alloy, thus improving the mechanical properties. (Zhang, Bao, Li, Han, & Chen, 2023)
According to PM Review, ferrous materials that have undergone the powder metallurgy process may possess an UTS of up to 900 MPa. The UTS of the product may be increased by heat treatment post-processing, this can increase the UTS to 1200 MPa. (2024)
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[bookmark: _Toc157770029]Porosity
A common defect that occurs in powder metallurgy is porosity, where cavities form due air being trapped in the mould. This leads to under injection of the powdered metal. This defect causes surface quality issues and weakens the strength of the component. 
Preventions of high porosity for powder metallurgy include increasing the pressure enacted upon the powder during compaction and increasing the temperature during sintering, producing stronger final products. (Jabur, 2013)
[bookmark: _Toc157770030]Deformation
Variation of the density of the powder leads to deformation during sintering, effecting its mechanical properties. Prevention of this defect includes the implementation of process parameters regarding the maximum density variation within the powder. (Mostafaei, et al., 2022)
[bookmark: _Toc157770031]Cracking
Residual stress in the produced part may also lead to cracking within the part. Another factor to cause cracking is contamination of the powder. Contamination of the powder causes weakness between the bonds of the powder metal during the compression process. Cracking is usually caused prior to the sintering process however may not be identifiable until after sintering. For prevention of cracking, process parameters may be implemented to ensure contaminated powder is not utilised. (Jonsén, 2006)
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The extrusion ratio is given by the equation (Varley, 2024):

Where,  is the extrusion ratio,  is the area of the billet and   is the area of the die. The value of the extrusion ratio represents the amount of work needed for extrusion and is given by the area of the billet over the area of the die. 
[bookmark: _Toc157770035]Index 2
Powder preparation is the process of creating the powdered metal, some methods of achieving this include atomisation, chemical reduction, electrolytic deposition, solid state reduction and thermal decomposition. The most common method to produce powdered metals is atomisation. 
Mixing and blending is the process of combining the required powdered metals with binders and lubricants. These added materials ensure the product has the characteristics required. Methods of achieving this include a rotating a drum and a rotation cone.
Compacting is the process of compressing the blended powder into the die to create the desired shape. Compacting pressure ranges from 80MPa to 1600MPa, this is dependent on the materials used. After compaction the metal is referred to as a green body and the strength of the part is known as green strength. (Jonsén, 2006)
Sintering is a process where the powdered metal is heated to a temperature slightly below its melting point. Sintering allows for the particles of the powdered metal to unite and bond, creating a solid product without the need of a molten metal. (Industrial Quick Search, 2024)
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