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[bookmark: _Toc157579424]Abstract
The following report conducts a comparative analysis of three distinct metal forming processes: rolling, sandcasting, and powder metallurgy. Each process is explored in terms of applications, advantages, disadvantages, microstructure, and ultimate tensile strength; with a focus on a specific material, processing defects, and recommended remedial measures. 
The report serves as a valuable resource for understanding these manufacturing processes, their applications; ranging from automotive and aerospace to construction, methods to address potential challenges encountered during production and provide insight into the efficiency and limitations of each. Various research aids were used to write this assignment, such as research papers, journal articles and published books.

[bookmark: _Toc157579425]Forming
[bookmark: _Toc157579426]Rolling
[bookmark: _Toc157579427]Definition

There are two types of rolling, hot and cold. In hot rolling, a metal billet is heated above its recrystallization temperature and compressed between rotating rolls, it is then left to cool naturally at room temperature. Cold rolling follows the same initial steps but undergoes re-rolling after it has cooled below the metal's recrystallization temperature.
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[bookmark: _Toc157579377]Figure 1 - Hot rolling process (Lee et al., 2015)
[image: Cold Rolled Steel strips]
[bookmark: _Toc157579378]Figure 2 - Cold rolling process (Corporation, 2014)
[bookmark: _Toc157579428]Applications

Rolling is widely applied in industries like automotive for torque tubes and utilised in aerospace for forming thin sheets of metals like aluminium and steel. It’s a common process used for construction such as pipework also. 

[bookmark: _Toc157579429]Advantages 

· Cost effective long-term.
The rolling process produces little waste and has a high throughput. (Pradhan, 2024) Offcuts can be recycled. 
· Large Scale Production
Rolling is utilised for large-scale production of standardized shapes. (Technologies, 2019)
· Material versatility
Rolling is applicable to multiple materials such as steel, aluminium, copper and brass.

[bookmark: _Toc157579430]Disadvantages 

However, while offering distinct advantages hot rolling also has its drawbacks:
· Energy consumption
Metals that require significant compression to mould will be energy intensive and can increase operational costs. (Pradhan, 2024)
· Poor surface finish
Causes of consist of oxidation, scale formation, inclusions, impurities, and surface contamination. (Technologies, 2019)
· Initial costs
The cost of equipment is high.

[bookmark: _Toc157579431]Microstructure

Hot rolled carbon steel is an example of a material processed through rolling. Hot-rolled carbon steel has a ferrite and pearlite structure of equiaxed grains. 
The elevated temperatures in the initial phase transformation forms ferrite, and as the steel cools, pearlite develops from the remaining austenite. Recrystallization occurs, creating new, strain-free grains, and the process contributes to grain refinement. (Fu et al., 2023)

[bookmark: _Toc157579432]Ultimate Tensile Strength

The ultimate tensile strength of rolled carbon steel varies depending on the specific grade, carbon content, if it underwent hot or cold rolled etc. Common structural hot-rolled carbon steels, such as ASTM A36, typically have an ultimate tensile strength in the range of 460-590 MPa. (Metal, 2023)

[bookmark: _Toc157579433]Processing Defects

· Surface Cracks
Emerge due to factors such as excessive roll pressure, insufficient lubrication, or elevated rolling temperatures. 
· Edge Cracking 
Arise from uneven deformation, poor roll alignment, inadequate cooling, or excessive rolling speeds.
· Roll Marks
Result from non-uniform roll wear due to uneven roll surfaces and inconsistencies in material feeding and tension contribute to the formation of these marks. 
· Scale Inclusions
There is a risk that oxide scale, formed during hot rolling, will be pressed into the surface, leading to scale inclusions and a rough surface finish.

[bookmark: _Toc157579434]Remedial Measures 

· Surface Cracks
Proper lubrication between the rolls and the material, reducing friction and heat; adjust the rolling pressure, temperature, and speed, to prevent excessive stress on the material. 
· Edge Cracking
Ensure uniform deformation across the material by ensuring the rollers are undamaged and even. Adequate edge preparation, such as conditioning or bevelling. Controlled and uniform cooling stage to prevent/minimise thermal stresses. Adjust rolling speed.
· Roll Marks
Regular equipment maintenance to ensure even wear on rolls and minimize irregularities; check the roll surfaces and clean if necessary to reduce the possibility of transferring irregularities onto the material; consistent material feeding and proper tension control during rolling.
· Scale Inclusions
Improved lubrication between the rolls and material; using descalers/brushes to eliminate oxide from the surface; adjust rolling temperature to minimize the formation of oxide scale.


[bookmark: _Toc157579435]Casting Processes
[bookmark: _Toc157579436]Sandcasting 
[bookmark: _Toc157579437]Definition

Sand casting is a metal casting process, where a sand mixture is compacted to create a mould. The mould is formed around a replica of the desired shape, therefore upon removing the replica, molten metal can be poured into the cavity. The molten metal then cools and solidifies within the mould. After solidification, the sand mould is broken away, revealing the cast metal part. (Ammen, 1981)

[image: ]
[bookmark: _Toc157579379]Figure 3 - Sand casting process (Xiang, 2015)

[bookmark: _Toc157579438]Applications

Sand casting is utilized in various industries. In automotive manufacturing, it’s crucial for crafting engine blocks, cylinder heads, and transmission cases. Sand casting is also vital in aviation for specific engine parts on an aircraft and structural elements. This method applies to construction also as its employed to create heavy machinery components, and the railway sector for railway system components. Sand casting is a key process used in general manufacturing, it contributes to the production of pipes, valves, and machine parts. In the oil and gas industry, its used to manufacture valves, fittings, and specific components.

[bookmark: _Toc157579439]Advantages 

· Versatility and complexity
Sand casting is suitable for a wide range of metals and alloys. As molten can flow into small cavities, complex detail can be achieved. (Mechanical Education, 2021)
· Cost-Effectiveness
The process is cost-effective for producing large and relatively simple metal components. Sand moulds can also be reused, and the equipment required for sand casting is less expensive in comparison to other casting processes. There are also no moving parts which can wear down. (Mechanical Education, 2021)
· Large Components
Ideal for manufacturing large and heavy components, such as engine blocks, with minimal tooling requirements.
· Short Production Times
Sand casting often involves shorter lead times, as the mould-making process is relatively straightforward.
· High volume production; with a low cost-per-part

[bookmark: _Toc157579440]Disadvantages

· Rough surface finish
Sand casting may result in a rougher surface finish compared to some other casting methods. 
· Lower dimensional accuracy 
Tight dimensional tolerances can be challenging, especially for intricate or complex shapes.
· Environment impact
The sand used in casting moulds may contribute to environmental concerns. Disposal and management of used sand can pose challenges and sand casting requires natural resources, namely water, for damping clay mixes. (Mechanical Education, 2021)

[bookmark: _Toc157579441]Microstructure

Grey cast iron is an example of a material that is sand casted. The typical microstructure produced is made up of graphite flakes, which are a result of the cooling rate during solidification. The flakes are a mix of ferrite and pearlite. 
Ferrite is a crystalline phase in the microstructure of grey iron. It provides ductility and resilience. Pearlite is composed of alternating layers of ferrite and cementite. It forms during the eutectoid transformation of austenite. It contributes to the hardness and strength of grey cast iron.

[bookmark: _Toc157579442]Ultimate Tensile Strength

The ultimate tensile strength (UTS) of gray cast iron is between 140 to 420 MPa, depending on the specific composition.
The previously discussed graphite flakes found in the microstructure make grey cast iron brittle compared to other types of cast iron. The flakes can act as stress concentrators and initiation points for cracks, which spread more easily under tensile loading. Therefore, impacting the material's tensile strength. While grey cast iron has good compressive strength and wear resistance, its tensile strength is relatively lower. 

[bookmark: _Toc157579443]Processing Defects

· Porosity:
Porosity occurs when casting, as molten metal, a liquid, can hold a large amount of dissolved gas, but solid metal cannot. Therefore, as the fluid cools and solidifies, the gas forms bubbles, lowering the strength and ductility of the part. (Hawthorn, 2019)
· Shrinkage
As the metal solidifies inside the mould, it shrinks. If the shrinkage stage occurs unevenly then air may be drawn inside the mould, resulting in cavities. (Vu, 2020)
· Sand Inclusion:
Sand inclusion occurs when sand particles from the mould become embedded in the cast metal, it’s visible as dark spots or streaks.
It occurs due to inadequate sand compaction or poor mould quality. Sand inclusions can weaken the casting and negatively impact its surface finish. 
· Crack formation/ hot/hard spots
Cracks, hard spots, and hot spots can form during the cooling and solidification stage due the metal composition and thermal stresses e.g. when a casted area cools at a quicker rate to surrounding areas. (Vu, 2020)
· Misruns
Misruns occur due to incomplete filling of the mould cavity resulting in unfilled portions. This happens when the metal fluid cools before filling the mould cavity. (Vu, 2020)

[bookmark: _Toc157579444]Remedial Measures 

· Porosity
Create more vents in the sand mould, allowing trapped gases to escape. Using coarse sand would make the mould more permeable. Pour the molten fluid at a reduced temperature, increasing the rate of solidification and therefore decreasing the absorption of gas; control the moisture content by ensuring the sand mould and tools are dry, ensure mould is dried after use and stored in a dry area.
· Shrinkage
To avoid shrinkage there should be an effective gating system to ensure smooth continuous metal flow, minimizing turbulence; a controlled temperature to allow the metal to cool consistently and one should use a riser/feeder, placed in the last part of the part to solidify, to compensate for the shrinkage.
· Sand Inclusion:
Ensuring the mould is compact reduces the chance of loose sand particles, mitigating the risk of sand inclusion defects. adequate gating. Also, using additives in the sand to create to better cohesion and greater strength of the mould.
· Crack formation/ hot/hard spots
To reduce the likelihood of occurrence the cooling stage should be controlled to ensure the part cools at the same rate. Design modifications could also be considered to reduce stress concentrations and prevent cracking.
· Misruns
Optimize the pouring temperature to ensure proper fluidity of the molten metal. Having a good Gating System facilitates complete mould filling without premature solidification.


[bookmark: _Toc157579445]Miscellaneous Process
[bookmark: _Toc157579446]Powder Metallurgy   
[bookmark: _Toc157579447]Definition

Powder Metallurgy is a manufacturing process in which blended metal powders are mixed, compacted into a desired shape within a die and sintered to just below their melting point. This fuses the particles together and creates a solid part. (Engineering Product Design, 2022)

[image: Conventional Powder Metallurgy]
[bookmark: _Toc157579380]Figure 4 - Powder metallurgy process (Metal Powder Industries Federation, 2024)

[bookmark: _Toc157579448]Applications

Powder Metallurgy is utilised across multiple industries for producing components with specific properties. It is used in the automotive sector, for example, to create precision gears, bearings, and structural parts. It is crucial in aviation, for manufacturing aircraft components that are required to have strength whilst also being lightweight, proportionately. It is also part of the process to make contacts, connectors, and magnetic components in electronics. Additionally, it’s essential for producing high-strength, corrosion-resistant components such as valves and fittings for challenging environments. 

[bookmark: _Toc157579449]Advantages 

· Minimal material waste 
Uses most of the starting material, can reuse unused powder, and avoids excess scrap during compaction. (Schloder, 2023)
· Control certain material properties
Such as: porosity, hardness, toughness etc.
· Accurate intricate and complex shapes
Provides unparalleled design flexibility. 
· Cost-effective 
When mass producing. It requires minimal machining, reducing production times. 

[bookmark: _Toc157579450]Disadvantages 

· High initial costs 
Associated with setting up the equipment and tooling, impacting the feasibility of small-scale production. (Schloder, 2023)
· Material Versatility 
Not appropriate for materials with high melting points or low compressibility. 
· Surface finish 
Components may exhibit a rougher finish compared to alternatives, necessitating additional finishing processes. 
· Difficulties may occur with large or heavy components (Schloder, 2023)
Achieving uniform heating and cooling during the sintering process becomes more complex, posing a risk of uneven density and structural issues.

[bookmark: _Toc157579451]Microstructure 

[bookmark: _Hlk154049914]Brass is a common material produced through powder metallurgy. Its microstructure typically consists of fine grains. Because the process involves compacting and sintering metal powders, a densely packed solid structure is produced. The fine-grained microstructure is a consequence of the solid-state sintering during which the metal powders bond together and it contributes to improved mechanical properties. The specific characteristics of the microstructure, such as grain size, distribution, and orientation, are influenced by factors such as the composition of the brass alloy, the sintering conditions, and any post-sintering treatments applied. 

[bookmark: _Toc157579452]Ultimate tensile strength 

The ultimate tensile strength of brass produced through powder metallurgy typically ranges from 300 MPa to 600 MPa, depending on the specific alloy composition, processing conditions, and any treatments applied after. (Dobrzański, 2017)

[bookmark: _Toc157579453]Processing defects 

· Segregation
Uneven distribution of particle sizes or alloying elements in the metal powder mix, leading to non-uniform properties in the final product. (Derlet, 2017)
· Cracking
During the compaction stage or cooling stage cracking can occur which can compromise the parts integrity.
· Porosity
Due to incomplete sintering or inadequate bonding of metal powders.
· Surface Irregularities
May necessitate additional finishing processes.

[bookmark: _Toc157579454]Remedial measures 

· Segregation
Ensure the powder is thoroughly mixed e.g. allowing adequate mixing time and ensuring a consistent mix and uniform distribution. Maintain consistency in alloy compositions. (Derlet, 2017)
· Cracking
Avoid excessive compaction pressure that may induce stress and cracking during forming; ensuring sufficient lubrication between powder particles can reduce friction and prevent cracking and minimize thermal stresses during the temperature change stages.
· Porosity
Increasing the compaction pressure during the forming stage would improve the density of the powder; enhancing the powder characteristics would ensure consistency with size and distribution in the powder mix, promoting improved particle packing and adjusting the sintering temperature and time taken would enable proper bonding.
· Surface Irregularities
Implement proper tooling to enhance part uniformity. Introduce post-sintering operations to remove surface irregularities and adjust the compaction stage.
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The Production Process Flow of Sand Casting
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