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Abstract
The manufacturing industry employs a variety of processes to shape and form metals into desired products.  Among these, forming operations, casting processes, and miscellaneous metal fabrication processes are some of the most commonly used methods.  Each process has unique characteristics and advantages, rendering them suitable for different applications.  This assignment examines three processes: forging, sand casting, and sintering.  Specifically, it investigates each process's definition, application, advantages, disadvantages, typical microstructure produced, ultimate tensile strength, processing defects, and remedial measures.
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[bookmark: _Toc158068771]Introduction
The metal fabrication and processing techniques boast a lengthy and illustrious history that can be traced back to ancient times.  Over the course of millennia, the development and refinement of these techniques have played an indispensable role in the progress of human civilisation.  Indeed, the contributions made by metalworking pioneers have enabled humanity to achieve remarkable feats, from constructing awe-inspiring structures to creating intricate tools and machines.
The advancement of contemporary metal fabrication techniques can be attributed to various factors.  Some of the most notable include:
1.  Industrialisation and manufacturing: Demand for precise metal processing methods and mass-produced products has increased due to the rise of industries like automotive, aerospace, construction, and machinery.

2.  Technological advancements: The evolution of technology has enabled the development of new and improved metal fabrication techniques, which are more complex and precise than ever before.

3.  Economic growth and urbanisation: Growing economies and expanding cities require precise metal components to support various industries like manufacturing, construction, and transportation.









[bookmark: _Toc158068772]Aims and Objectives 
This report will provide an in-depth analysis of three metal fabrication processes: Forming operations (Forging), Casting (Sand Casting), and Miscellaneous (Powder Metallurgy).  The report aims to identify the pros and cons of each process, provide insight into the microstructures produced by them, and discuss any associated defects and remedial measures that can be taken to address them.








[bookmark: _Toc158068773]Forming Operations
[bookmark: _Toc158068774]Forging 
[image: Forged Part]Forging is the shaping or manipulating a metal by applying compressive forces using dies and tools while still in a solid state.  This can be achieved through either hammering or pressing the metal. [bookmark: _Toc157966189][bookmark: _Toc157966197][bookmark: _Toc157972513][bookmark: _Toc158059869]Figure 1: Visual depiction of a typical forged component (iqsdirectory, 2023)


Rathi & Jakhade (2014, p1) note that forging has evolved from a primitive process to a sophisticated one that uses engineered processes, equipment, and raw materials to meet modern industry demands.  Nowadays, powered presses or hammers are predominantly used for industrial forging, even though many different types are available.





[bookmark: _Toc158068775]Types of Forging
The forging process begins with a simple billet plastically deformed between two dies to achieve its desired shape.  In their publication, Cold and Hot Forging, Altan, Ngaile, and Shen (2005, p. 9) identify numerous forging techniques that follow similar principles but achieve different finishes.  For this report, the following forging processes are explored further:
Open die forging 
The method called smith forging or hand forging involves using heat and shaping metal between flat or slightly curved dies.  Notably, the dies utilised in this process do not fully enclose the metal, thus allowing for greater flexibility in shaping. 
[image: ]
[bookmark: _Toc157966198][bookmark: _Toc157972514][bookmark: _Toc158059870]Figure 2: Visual depiction of Open-die forging process (iqsdirectory, 2023)






Closed-die forging
Closed-die forging, also known as Impression-die forging, is a technique that involves shaping the metal between two dies with a specific shape and contour.  The dies fully enclose the metal, producing highly accurate and precise shaping.  This technique is widely used in manufacturing to create complex, intricate parts with tight tolerances.
(Choi et al., 2005)
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[bookmark: _Toc157966199][bookmark: _Toc157972515][bookmark: _Toc158059871]Figure 3: Visual depiction of Closed-die forging process (iqsdirectory, 2023)







Upset forging
The upset forging process utilises a heading tool or ram placed at a right angle to the cross-sectional end of a rod or bar held in a die.  By applying pressure, the length of the rod is reduced while its diameter is increased (upset).  This widely used manufacturing technique produces fasteners and shapes bolt heads.
(The Open University, 2017)
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[bookmark: _Toc157972516][bookmark: _Toc158059872]Figure 4: Visual depiction of Upset forging process (iqsdirectory, 2023)









Drop Forging
Drop forging is a highly efficient and effective process that uses a pair of impression dies and a heavy hammer to transform metal bars or billets into complex shapes.  This process results in a final forging that is strong, durable, and precisely shaped, making it ideal for a wide range of applications.  The impression or die cavity is carefully crafted to ensure the final forging meets the exact specifications required for the intended use, making it a popular choice for the automotive, aerospace, and construction industries.
(W H Tildesley Ltd, 2024)
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[bookmark: _Toc157972517][bookmark: _Toc158059873]Figure 5: Visual depiction of the Drop forging process (W H Tildesley Ltd, 2024)






[bookmark: _Toc158068776]Application
Forging is used to produce a variety of metal components for automobiles, aircraft, machinery, hand tools, hardware, and other consumer goods. It is a crucial part of manufacturing industry due to its ability to create durable metal components.
Small 
Small forgings such as nuts, bolts, rings, and screwdrivers are made from bar stocks and worked with chisels and small cutting tools. 
Medium 
Medium forgings such as connecting rods, small crankshafts, levers, hooks, railway car axles, and flange couplings are forged from bar stocks and slabs. 
Heavier
Heavier forgings, such as large shafts for power-plant generators, turbines, and ships, as well as columns for presses and rolls for rolling mills, are worked from ingots. 
[image: SEW Smooth Crankshaft For Mitsubishi Vehicles, For Automobile Industry, Standard]
[bookmark: _Toc158059874]Figure 6: Forged crankshaft example (indiamart, 2023)




[bookmark: _Toc158068777]Advantages and Disadvantages of Forging 
The following table presents a comprehensive, but not extensive, list of advantages and disadvantages associated with the forging process.

[bookmark: _Toc158057659]Table 1: Advantages and disadvantages of the forging process (Altan, Ngaile, & Shen, 2005)
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[bookmark: _Toc158068778]Microstructure and UTS of forged steel 
Forging steel involves high levels of heat and pressure that significantly alter its microstructure. The resulting microstructure depends on various factors such as the steel's composition, forging temperature, and cooling rate.
1. Recrystallisation: Forging causes grain recrystallisation and formation of smaller grains, eliminating defects in the original microstructure.
2.  Grain refinement: High pressure deforms and fragments steel grains, resulting in a more refined and stronger structure.
3.  Alignment of grains: Force exerted on steel causes grain flow, which enhances its strength and ductility.
4.  Homogenisation: Forging uses heat and pressure to evenly distribute alloying elements and impurities in steel, resulting in uniformity and improved quality.
5.  Reduction of porosity: Applying intense pressure during the forging process helps close existing voids, leading to a more uniform and denser microstructure.
(Schino & Sugimoto, 2023)
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[bookmark: _Toc158059875]Figure 7: Forging process resulting in the recrystallisation and grain refinement in metals (Upadhyay, 2024)

The UTS stands for Ultimate Tensile Strength, which measures the maximum stress a material can withstand before it fails or breaks.  In the case of forged steel, the UTS depends on various factors, such as the type of steel, the forging process used, and the final product's dimensions and shape.  Generally, forged steel has a higher UTS than other metal fabrication processes due to grain refinement during the forging process.  The UTS of forged steel can range from 500 MPa to 1500 MPa, depending on the specific application and steel type used.






[bookmark: _Toc158068779]Common forging defects and remedies
It is advisable to address the common issues and solutions related to the forging process in line with the advantages and disadvantages stated in section 3.4 of this report.: 
Table 2: Common forging defects, causes and remedies (Chak, 2018)
	Forging defects, causes and remedies

	Defect
	Causes
	Remedies

	Underfilling
	Improper die design, insufficient metal flow, or inadequate die lubrication.
	Correct billet temperature, correct die design, pre-heating the die, correct load input calculation, and correct lubricant.

	Cold shut and inclusions
	Improper die design, insufficient metal temperature 
	Minimise chilling in the die, increase fillet radius to prevent defects, effective cleaning, optimal temperature control, use high-quality raw materials, and correct die lubrication.

	Scale pits
	Inadequate metal cleaning before forging, improper heating,  improper cooling.

	Ensure billet and dies are free from scale before forging.

	Surface cracking and dents
	Excessive stress, improper die design, inadequate temperature control of billet
	Raw material quality control, correctly heated billet, precise equipment selection.

	Dimensional inaccuracies 
	Die wear, improper die alignment, and inadequate control of the forging process parameters.

	Die inspection and maintenance, correct temperature and loading of material, correct cleaning process, correct set-up/ alignment.






[bookmark: _Toc158068780]Casting Processes 
[bookmark: _Toc158068781]Die Casting 
Die casting is a highly efficient and widely used process in manufacturing.  It involves the injection of molten metal (typically aluminium, magnesium, and zinc alloys) into a mould cavity under high pressure, solidifying and taking the mould's shape.  This process produces complex shapes with high dimensional accuracy and surface finish. 
[image: die cast aluminum]
Figure 8: Example of Aluminium components created by die casting (Inox, 2022)





[bookmark: _Toc158068782]Types of Die Casting
There are multiple types of die casting, each of which has unique benefits.  However, Xometry Europe (2022) explains that cold and hot chambers are the two most widely applied types.
[image: Hot chamber vs. cold chamber die casting schemes]
Figure 9: Hot chamber vs. cold chamber die casting (Xometry Europe , 2022)
Hot Chamber Die Casting
As explained by Xometry Europe (2022), hot chamber die casting is a highly efficient manufacturing method for producing complex and precise metal parts.  This technique, also known as gooseneck casting, involves injecting molten metal into a die cavity under high pressure to form the desired shape.  In contrast to cold chamber die casting, hot chamber die casting eliminates the requirement for a separate melting furnace, making it a more streamlined and continuous process.  However, it is crucial to weigh both the advantages and disadvantages of hot chamber die casting before deciding if it is the most appropriate method for a particular application.
Cold Die Casting
During the cold die-casting process, a metal alloy is melted in a furnace and poured into a steel or iron chamber called a shot sleeve.  A piston or plunger operated hydraulically forces the molten metal into a die cavity, where it solidifies quickly to take the shape of the mould.  After the part is ejected from the die cavity, any excess material or imperfections are removed by trimming or finishing the casting.
(Ružbarský , Paško , & Gašpár, 2014)

[bookmark: _Toc158068783]Application of Die Casting
The die-casting process has found various applications across multiple industries, including but not limited to automotive, aerospace, electronics, and household appliances.  In particular, in the electronics industry, die casting is widely employed in manufacturing critical components such as switchgear, panel boards, and circuit breakers.  The process offers several advantages, such as high dimensional accuracy, excellent surface finish, and easy production of complex shapes.  These attributes make the die-casting process efficient and cost-effective for producing intricate components.

[bookmark: _Toc158068784]Advantages and Disadvantages of Die-casting  
The following table presents a comprehensive, but not extensive, list of advantages and disadvantages associated with the Die-casting process.

Table 3: Die Casting advantages and disadvantages (Xometry Europe , 2022)
[image: ]
[bookmark: _Toc158068785]Microstructure and UTS of AM50 Magnesium Alloy
AM50 magnesium alloy castings have a complex microstructure consisting of alpha phase (Mg17Al12), which forms as small grains and provides strength and hardness to the alloy.  The alloy may also contain beta phase (Mg2Al3) and eutectic phases, which form larger particles and can impact the mechanical properties of the alloy.  The microstructure depends on various factors, including cooling rate, composition, and die-casting process parameters.
AM50 magnesium alloy has a relatively high UTS compared to other magnesium alloys.  The UTS of die-cast AM50 magnesium alloy typically ranges from 170 MPa (24,600 psi) to 220 MPa (31,900 psi).  However, it is essential to note that these values are approximate and can vary depending on the specific conditions and requirements of the application.
(Kiełbus, Rzychoń, & Cibis, 2006)

















0. [bookmark: _Toc158068786]Common Die casting defects and remedies
According to Dolin Casting (2020), thirteen defects are seen in the die-casting process.  Common defects in the casting process include porosity, cold shuts, flashes, sink marks, and warpages.  Porosity is caused by trapped gas within the casting.  One remedy is to improve the venting system to allow the gas to escape more effectively.  Cold shuts occur when two or more molten metal flows do not fuse properly, resulting in a visible line on the casting surface.  This defect can be remedied by optimising the gating and runner system to ensure a smooth flow of molten metal.  Flash is an excess metal that flows into the mould's parting line, resulting in a thin layer of unwanted metal on the casting surface.  This defect can be remedied by adjusting the mould's clamping force and optimising the gating system.  Sink marks occur when the cooling rate of thick sections of the casting is slower than that of thin sections, creating depressions on the casting surface.  This defect can be remedied by adding ribs or bosses to thicken the section and optimise the cooling system.  Warpage occurs when the casting is unevenly cooling, resulting in a distorted shape.  This defect can be remedied by optimising the cooling system and supporting the mould to prevent deformation.














[bookmark: _Toc158068787]Miscellaneous 
[bookmark: _Toc158068788]Powder Metallurgy 
Powder metallurgy is a metal fabrication technique that involves producing metal components from fine metal powders.  It is a versatile and widely used method in various industries. 
Metal powders are produced using atomisation, mechanical alloying, or chemical processes.  These powders are mixed with binders or lubricants to form a homogeneous mixture called feedstock.
The feedstock is compacted into the desired shape through pressing, injection moulding, or isostatic pressing.  The compacted powder is known as a green part and retains its shape due to the presence of binders.  The green part is then subjected to a heating process called sintering.
During sintering, the green part is heated to a temperature below its melting point but high enough to cause the metal particles to fuse.  This results in the densification of the part as the particles bond.  The sintering process removes the binder, leaving behind a solid metal component.
(Kuhn & Lawley, 1978)
[image: ]
Figure 10: Powder Metallurgy Process Flow 


[bookmark: _Toc158068789]Applications 
Powder metallurgy finds applications in various industries, such as automotive, aerospace, electronics, and medicine.  It is commonly used for producing components such as gears, bushings, bearings, valve seats, cutting tools, and many more.  The ability to create complex shapes, intricate details, and near-net shape parts makes powder metallurgy suitable for manufacturing various components.

[bookmark: _Toc158068790]Advantages and Disadvantages Powder Metallurgy  
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0. [bookmark: _Toc158068791]Microstructure and UTS of AM50 Magnesium Alloy
The refined tungsten grains in the microstructure of tungsten after powder metallurgy are densely packed together.  Powder metallurgy involves compacting tungsten powder at high pressure, followed by sintering it at high temperatures.  Sintering causes the powder particles to bond, resulting in a solid structure.
The microstructure of tungsten after powder metallurgy is characterised by equiaxed tungsten grains.  These grains have similar dimensions in all directions, and their size can vary depending on specific processing conditions such as powder particle size, compaction pressure, and sintering temperature.
Despite the compaction and sintering processes, there may still be some level of porosity in the microstructure of tungsten after powder metallurgy.  Porosity refers to small voids or gaps between the tungsten grains, which can be controlled by adjusting the processing parameters.
Grain boundaries, the boundaries between adjacent tungsten grains, can have different characteristics such as orientation, shape, and chemical composition.  Grain boundaries play a crucial role in determining the material's mechanical properties as they can act as barriers to dislocation movement, affecting the material's strength and ductility.
(German , 2011)











[bookmark: _Toc158068792]Conclusion
With the rise of industries, technological advancements, and economic growth, various metal fabrication techniques have been developed, including forming operations, casting, and miscellaneous methods. The report examines three metal fabrication processes, namely forging, sand casting, and powder metallurgy, analysing their definitions, applications, advantages, disadvantages, typical microstructure produced, ultimate tensile strength, processing defects, and remedial measures. This information in this report has led to the conclusion that each technique comes with unique characteristics and advantages, making them suitable for different applications.
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Advantages

Disadvantages

Enhanced Strength: Forging aligns grain
structures to enhance mechanical
properties such as strength, hardness, and
ductility. Controlled deformation results in a
more uniform microstructure, improving
overall part integrity.

Limited Complexity: Forging is best for
simple or moderately complex geometries.
For intricate shapes or high precision, other
processes should be considered.

Material Conservation: Forging has a
higher material utilisation rate compared to
machining. It reduces material waste and
the need for additional machining
processes, resulting in cost savings and a
sustainable manufacturing approach.

High Initial Costs: Forging operations
require a substantial investment in
specialised equipment, which be a
drawback for small-scale manufactures.

Superior Structural Integrity: Forging
creates a continuous grain flow, eliminating
weak spots and porosity, resulting in highly
reliable parts with improved fatigue
resistance.
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Die casting

Advantages

Disadvantages

Dimensional accuracy and surface
finish: Moulds are used in manufacturing to
create precise products with intricate
designs and smooth surface finish,
eliminating the need for additional finishing

operations.

Equipment Costs: Designing and
manufacturing moulds for die casting can
be quite expensive. This can pose a
significant obstacle for low-volume or small-
scale production due to the high initial

investment required.

High production rate: The die casting
technique enables the quick manufacturing
of substantial amounts of components
within relatively brief timeframes. This high
level of efficiency makes die casting a cost-
efficient option for volume production,
particularly when compared to alternative

casting methods.

Material limitations: Die casting is
restricted to materials with relatively low
melting points, such as aluminium and zinc
alloys. The limitations of die materials and
the process itself make it unsuitable for
higher melting point materials, such as steel

and titanium.
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Powder Metallurgy

Advantages

Disadvantages

Dimensional accuracy: Precise control
over composition and particle size
distribution is possible through the use of
fine metal powders. This results in parts
with tight tolerances. Material waste and
production costs are reduced as machining
or other secondary operations are

eliminated.

Mechanical property limitations: The
mechanical properties of the final product
can be negatively impacted by the
existence of voids or porosity. To overcome
this limitation and enhance the density of
parts with complex shapes, various
methods such as hot isostatic pressing or

additional secondary operations are used.

Superior structural integrity: Sintering of
metal powders allows for precise control
over the material's microstructure, leading
to improved mechanical properties. Powder
metallurgy also enables the creation of
composite materials and the introduction of

additives to enhance specific properties.

Equipment cost and production
processes: Producing metal powders and
the necessary equipment for compacting
and sintering can come at a high cost.
Furthermore, specialized proficiency and
knowledge in powder metallurgy can
increase the overall expense of

implementation.
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