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[bookmark: _Toc157952728]Abstract
In the realm of modern manufacturing, material processing operations stand as the cornerstone for transforming raw materials into intricate components with diverse applications. This technical report delves into three pivotal material processing techniques: extrusion, die forming, and powder metallurgy.
Extrusion is a versatile process employed in shaping materials by forcing them through a die to create continuous profiles and is known for its simplicity and cost-effectiveness. There are multiple types of extrusion processes like direct, hydrostatic, hot, cold, etc. however the main type that this report will concentrate on is direct.
Die forming, also referred to as press forming or stamping, involves shaping materials by applying compressive force between dies. Widely used for mass production, die forming excels in creating precision-engineered components with tight tolerances.
Powder metallurgy focuses on fabricating components from metallic or ceramic powders through sintering and forming processes. This technique enhances properties like strength and wear resistance, making it a preferred method for manufacturing complex parts such as gears and bearings. 
This report aims to analyse these three fabrication techniques in detail, outlining their characteristics, effects on the materials, common uses and both advantages and disadvantages. By using research and common examples of use, this report will give a greater understanding of these techniques and the limits and deciding factors that come with each, when designing and producing a range of components.










Contents
1	Abstract	ii
2	Contents	iii
3	Extrusion	1
3.1	Definition	1
3.2	Applications	1
3.3	Advantages and Disadvantages	2
3.4	Microstructure and Tensile Strength (Material: 2024 aluminium alloy)	2
3.5	Processing Defects and Remedial Measures	3
3.5.1	Surface Scratches	3
3.5.2	Surface Cracking	3
3.5.3	Die Lines	3
4	Die Casting	4
4.1	Definition	4
4.2	Applications	4
4.3	Advantages and Disadvantages	5
4.4	Microstructure and Tensile Strength	5
4.5	Processing Defects and Remedial Measures	6
4.5.1	Porosity	6
4.5.2	Blisters	7
5	Powder metallurgy	8
5.1	Definition	8
5.2	Applications	8
5.3	Advantages and Disadvantages	8
5.4	Microstructure and Tensile Strength	9
5.5	Processing Defects and Remedial Measures	9
5.5.1	Understatement	9
5.5.2	Weld Marks	10
5.5.3	Cavitation	10
6	References	11


	
	
	



	
	
	




	
	
	



Page 2 of 2

[bookmark: _Toc157952730]Extrusion
[bookmark: _Toc157952731]Definition
According to Velling, (2021), “Metal extrusion is a forming process in which we force a metal (either hot or cold) through a die. This imparts the die shape to the extruded metal as it passes through the cavity. The material emerging from the die is known as “extrudate”.
[image: ]
Figure 1- (Van der Watt, 2020)
As you can see from the figure above, a billet is loaded into the extrusion press, where it is placed in a chamber and then pushed through a specially designed die by a ram. The die imparts the desired shape to the extruded metal, and the emerging product is then cooled and cut to the required length. 

[bookmark: _Toc157952732]Applications
Extrusion can be used to create variety of products like structural beams, tables, window frames due to the variety of materials that can be extruded. “in structural work, the aluminium extrusion process is used. This process includes doors, windows, etc. In an automotive industry, the extrusion process is also used to form the desired type of material by using brittle materials.” (Adenwala & Tefera, 2023)


[bookmark: _Toc157952733]Advantages and Disadvantages
Each type of extrusion process has its own advantages and disadvantages for example hot extrusion is good as the heat makes the metal more malleable which can help when thinking amount complex shapes and the speed of extrusion. However, due to the heat, the part needs additional finishing processes after extrusion which means more time, energy and cost. Cold extrusion doesn’t use as much energy or time as hot extrusion because it does not require heating the die, but because of the lack of malleability when the metal is cold, you are limited on the complexity of shapes. (Keyence, 2024)

[bookmark: _Toc157952734]Microstructure and Tensile Strength (Material: 2024 aluminium alloy)
During extrusion, aluminium undergoes severe plastic deformation due to the amount of pressure used. As seen in figure 2, after extrusion the grains of the alloy are elongated in the same direction as extrusion. Due to the high temperature involved in extrusion, recrystallization is allowed to happen which forms new grains replacing the old, deformed ones. (Li et al., 2022)
[image: Materials 15 07566 g006]
Figure 2 - (Li et al., 2022)

After extrusion the tensile strength of the alloy greatly increases. This is because of the improved grain structure that is caused during the extrusion process. This makes extrusion well suited for various applications in industries like automotive and construction. (Li et al., 2022)

[bookmark: _Toc157952735]Processing Defects and Remedial Measures
[bookmark: _Toc157952736]Surface Scratches
Surface scratches are a very common defect especially when it comes to aluminium extrusion. These can range from minor scratches to deep grooves and can depend highly on customer specifications whether they become a problem or not. Some remedies to reduce scratches are to ensure sufficient lubrication of the billet and die. Regular cleaning of the dies is also vital in reducing scratches. (Jmadmin, 2023)
[bookmark: _Toc157952737]Surface Cracking
Surface cracking is where the metal forms breakages along the surface,” These cracks usually occur along the grain boundaries of the metal. The primary cause of surface cracking defect in metal extrusion manufacture is excessive stresses on the surface of the part's material.” Increased friction when extruding is the main cause of these cracking so lubrication and reducing the extrusion rate can help remedy this. (The Library of Manufacturing, 2024)
[bookmark: _Toc157952738]Die Lines
Die lines are parallel to the direction of extrusion and run as linear flaws on the surface of an extruded product. These lines may have an impact on the product's structural characteristics as well as appearance. These defects can be cause by contamination within the die and uneven flow of material. Solutions for eliminating this defect can be regular cleaning of dies and ensuring consistent flow and temperature of materials. (La-Plastic.com, 2023)










[bookmark: _Toc157952739]Die Casting
[bookmark: _Toc157952740]Definition
Die casting is a process where molten metal is pumped into a mould cavity at a high pressure. As seen in figure 3, the die is the steel mould that is used during the die casting process which consists of 2 parts, the stationary die and ejector die. The ejector contains ejector pins which allow the finished cast to be pushed out after cooling.
[image: ]
Figure 3 - (Kopeliovich, 2023)
This form of casting is an extremely efficient technique for producing items with good surface quality and low dimensional tolerances.

[bookmark: _Toc157952741]Applications
Due to the fact that die casting can create large volumes of components with tight tolerances efficiently, a lot of automotive parts are created this way. For example, connecting rods, pistons and cylinder beds. Due to the nature of these components, die casting is the optimal fabrication method. Othe applications of die casting can be seen in electronics, defence and marine as well as items like plumbing fixtures and toys. (Kopeliovich, 2023)

[bookmark: _Toc157952742]Advantages and Disadvantages
Some advantages of die casting include its low defect rate, high dimensional accuracy and good surface finish. There is very little chance of defects because of molten metal is injected at such a high pressure inside the dies. This form of fabrication is also used for mass produced parts as the cycle time per component is very low and due to removable dies, complex shapes are relatively easy to produce when compared to other forms of casting. (Tiwary & SODHI, 2018)
However, there are limiting factors when it comes to die casting also. Die casting is not suitable for every material so you can only use it with materials like zinc, aluminium and copper. Even though defects are very rare, they are still possible when air gets trapped within the die cavity. The main limiting factor though, is the installation cost. It is very expensive to set up a die casting machine for one component when compared with other casting processes, so it is reserved for high volume parts so that the investment is worthwhile. (Tiwary & SODHI, 2018)

[bookmark: _Toc157952743]Microstructure and Tensile Strength
In both castings, non-suitable and suitable, the mi-
crostructure was dendritic and heterogeneous, what is typi-
cal for castings molten from hypoeutectic silumine [7, 8, 9].
Microstructure consisted of (i) α-solid solution dendrites, (ii)
eutectic cells, which consisted of α-solid solution and eutectic
Si-particles in form (α+Si) and (iii) intermetallic phase parti-
cles of an irregular shape. Microstructures of non-suitable and
suitable castings documented by light microscope are shown
in Fig. 1.
There are very particular microstructures in metal castings. Metal grains, or crystals, start to develop in the liquid metal as it cools and solidifies in a mould, both inside the mould and on the walls. Figure 4 shows how the metal solidifies into dendrites that resemble trees. (Manufacturing, 2012)
[image: A diagram of a structure
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Figure 4 - (Manufacturing 2012)
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Figure 5 - (Eperješi et al., 2014)
Figure 5 shows an example of the typical microstructure of a material after casting. In this example the material is a AlSi5Cu3 alloy where the “Microstructure consisted of (i) α-solid solution dendrites, (ii)eutectic cells, which consisted of α-solid solution and eutectic Si-particles in form (α+Si) and (iii) intermetallic phase particles of an irregular shape.” (EPERJEŠI ET AL., 2014)
Looking at another alloy after die casting we can see the effect this process has on the tensile strength of a material. “The AlSiCuMgMn die–cast alloy can provide the high yield strength of 321 MPa, the high ultimate tensile strength of 425 MPa and the high tensile elongation of 11.3 %, after solution and ageing treatment.” (Dong et al., 2019)
[bookmark: _Toc157952744]Processing Defects and Remedial Measures
[bookmark: _Toc157952745]Porosity
Holes or voids in solid cast metal components are referred to as porosity. They might be extremely small, or quite large. Solidification shrinkage and gas porosity are the two primary sources of porosity. Solidification shrinkage happens. The metal pores in the still-liquid metal are caused by the metal shrinking as it hardens against the colder mould wall. Pockets created by trapped gas or air in the mould are referred to as gas porosity. Numerous factors, such as inadequate ventilation or improper material mixing during the mould filling phase, might cause it. (Top 4 defects in high-pressure die casting operations: Dycast 2022)
By altering the mould design and/or casting process, manufacturers can address these problems and guarantee uniform cooling, minimize shrinkage, and lower the possibility of entrained air.
[bookmark: _Toc157952746]Blisters
Gas porosity that occurs closer to the component's surface is known as blisters. After the material is taken out of the mould, they are created by high-pressure air or gas trapped inside the casting pushing the material outward. The remedies are similar to that of internal gas porosity remedies: less entrained air. These could be altering the rate at which the mould cools, modifying the water flow, extending the cooling period, or quenching the component as it emerges from the mould.


















[bookmark: _Toc157952747]Powder metallurgy
[bookmark: _Toc157952748]Definition
Powder metallurgy is a process where a stiff die is pressed full of powdered metals and alloys under intense pressure, which yields extremely accurate and precise products. Powder metallurgy has emerged as a crucial method for the manufacture of gears, bushings, bearings, and various structural parts, thanks to the advancement and application of technological advancements. (Industrial Quick Search)
Figure 5 shows the sub processes within the powder metallurgy manufacturing process.
[image: A diagram of a process
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Figure 6 - (The Powder Metallurgy process, 2023)
[bookmark: _Toc157952749]Applications
Products made using powder metallurgy find a very wide range of applications, including the production of precision instruments and general machinery, hardware tools and large-scale machinery, electronics and motor manufacturing, civil and military industries, and general technology and cutting-edge high technology. Some specific applications within different industries would be valve guides, sprockets and gears in automotive or high strength structural components such as an aviation brake. (Powder Metallurgy Process & Application, 2021)
[bookmark: _Toc157952750]Advantages and Disadvantages
During the compaction step in the process, components are pressed to their final size which means that there is no wasted material that needs to be removed post processing. “While PM only loses 1-5% of metal, other production methods can lose up to 80% of the metal.” (Schloder, 2023).
This process can also create highly accurate and precise parts because the particles can be easily formed into the correct shape. There are many ways to reduce cost and time during the process. For example, since parts are very close to the desired shape after the sintering process, there is little to no need for a finishing step. Automation is also very easily added to every step of the powder metallurgy process like adding an automated mechanical press or blenders. These improvements can reduce the cost and increase output speed when producing in high volumes. (Schloder, 2023)
There are, however, some limitations when it comes to powder metallurgy. The fluidity of the powder can cause issued when producing complex, large parts. Additionally, parts produced are limited to 20Kg depending on the capacity of the press. The final limitation is its cost effectiveness for non-mass-produced parts. The equipment needed for the process is quite costly and needs a large investment which may not be viable when you are not looking at producing large quantities of items. (Schloder, 2023)
[bookmark: _Toc157952751]Microstructure and Tensile Strength
In this example the material 316L stainless steel is used. Klar & Samal (2007) state that “well-sintered 316L shows good interparticle bonding, well-rounded pores, and narrow and precipitate-free grain boundaries in the austenitic structure”.
Materials used in ferrous powder metallurgy can achieve UTS levels of up to 900 N/mm² in their as-sintered state or up to 1200 N/mm² following heat treatment or sinter hardening when processed using the conventional die press and sinter route. Additionally, after heat treatment or sinter hardening, these pressed and sintered materials can provide tensile yield stress levels of up to about 1200 N/mm² or about 480 N/mm2 as sintered. (Properties of Powder Metallurgy Materials, 2023)
[bookmark: _Toc157952752]Processing Defects and Remedial Measures
[bookmark: _Toc157952753]Understatement
Under injection is the term used to describe the incompleteness of injection products resulting from inadequate injection moulding machine pressure or low injection material fluidity. Some causes for this are poor material fluidity, material replacement, increased wall thickness. These issues can be resolved by increasing injection pressure and extending the injection time. (What Are Causes & Solutions Of Common Defects In Metal Powder Injection Molding (MIM), 2021)
[bookmark: _Toc157952754]Weld Marks
The material is split into multiple streams inside the cavity during the injection process, and these streams eventually converge. Weld marks, or linear traces, may be present at the convergence. These can have an impact on the product's mechanical strength and overall appearance. Weld line formation can be caused by several factors, including excessive material flow strands, low material and mould temperatures. This issues can be fixed by taking actions like raising the injection pressure, speeding up the injection process or raising the temperature of the material and the mould. 
(What Are Causes & Solutions Of Common Defects In Metal Powder Injection Molding (MIM), 2021)
[bookmark: _Toc157952755]Cavitation
During the injection process, the air inside the mould cavity cannot be released until after the material has been packed inside or compressed against the mould's inner wall to create cavitation. This causes under-injection on the product's surface, which degrades the product's mechanical strength and appearance. Poor exhaust, incorrect gate positioning, excessively rapid injection speed, and excessive product thickness changes are the primary causes of cavitation. The issues can be removed by taking steps like deepening or adding exhaust holes, adjusting the gate position, reducing injection speed appropriately or extending holding times. (What Are Causes & Solutions Of Common Defects In Metal Powder Injection Molding (MIM), 2021)
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Insufficient mechanical properties require careful evalua-
tion of all parameters of metallurgical operations of alloy for
casting production.

2. Experimental material and methods

‘The commercial hypoeutectic heat-treatable AISiSCu3 al-
loy was experimental material in this investigation. The stan-
dard chemical composition of experimental alloy is given in
Table 1. The casings of this alloy were molten into metal
moulds using the technology of low pressure casting. Subse-
‘quently. the alloy castings were heat treated. The experimental
samples of alloy for analyzes of their microstructures were cut
from the surface of non-suitable casting with present defects
and a suitable casting without defects.

TABLE 1
Standard chemical composition of AISiSCu3 alloy
element | i Cu Fe | Mn| mg
W 055 | 005
i Al
01 02 | 01 [ oos [ o2 bl

The analysis of non-suitable and suitable castings mi-
crostructures consists in evaluation of eutectic Si-particles and
intermetallic phase particles character focusing on their mor-
phology and distribution. Recently analysis of the structure
and inner defects has been frequently performed using au-
tomated methods and procedures [4. 5. 6]. In this work the
average size and number per unit area of these particles were
evaluated by statistical metallographic methods. Microstruc-
tures of castings were documented by light microscope (LM)
Olympus Vanox T AH-2 and scanning electron microscope
(SEM) Jeol 7000F. Metallographic samples were prepared us-
ing the common grinding and polishing methods and they were
etched using the 0.5% HF in distilled water. Chemical nature
of intermetallic phase particles was evaluated by SEM using
EDX analyzes. The effect of microstructure changes of exper-
imental alloy on castings hardness was evaluated by Vickers
hardness measurement (HV10).

3. Results and discussion

3.1 Microstructure of AISiSCu3 alloy castings
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on interface with a-solid solution dendrites, what is clear from
Fig. 2. This mechanism of crack propagation in AISiSCu3 al-
loy castings is typical for silumine with dendritic structure
1101

2. Character of erack pro
not acceptable defect documented by LM (a) and SEM (b)

Eutectic Si-particles were partially spheroidized in both
analyzed alloy castings. Average size of Si-particles in the case
of non-suitable casting was 3.2 ym and their number per unit
area was 6.610% mm-2. In the suitable casting microstructure,
the average size of Si-particles was 3.5 yim and their number
per unit area was almost two times lower in comparison with
number of non-suitable casting and it was 3.5x10° mm-2. A
partial spheroidizing of eutectic Si-particles in both castings
was consequence of their heat treatment [9. 11]. However,
from evaluation of Si-particles average size and their number
per unit area follows that it was not observed the same con-
dition (temperature and/or holding time) of heat treatment. In
the case of non-suitable casting. it is possible to expect a lower
temperature and/or holding time of heat treatment because of
eutectic Si-particles coarsening was lower, however difference
of average sizes of these particles in the structure of both
castings. non-suitable and suitable, is quite small, and so it
is possible to expect a small deviation in process of castings
heat treatment. The more significant difference was observed
in the case of number per unit area.

In both castings structure, intermetallic phase particles
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