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Hot rolling, die casting, and powder metallurgy are the three metal-forming techniques examined in this analysis. Although there are drawbacks like dimensional deformities and oxidation, hot rolling stands out for its affordability and mass production capabilities. Die casting excels in mass production and intricate parts, but setup costs are high and mistakes can happen. Powder metallurgy is a sustainable method that creates unique alloys while taking component complexity and cost into account.
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[bookmark: _1ci93xb]Forming operation: Rolling 
In essence, rolling is the process of feeding a metal slab between a set of rollers so that the thickness is decreased, the length is increased, and the width remains constant.  
It can be defined as creating a ‘reduction and uniformity of the cross section of the metal workpiece.’ (Kaif B, 2020)
There are various conditions under which the rolling process can be carried out, and these variations may result in somewhat different final products and material compositions. Although the process can be done in two categories—hot rolling and cold rolling—the emphasis of this assignment will be on hot rolling. 
Hot rolling 
The above-mentioned procedure is used for hot rolling, but heat is added. A temperature higher than the recrystallization temperature is applied to the material. (For the majority of steels, between 800°C and 1200°C, and between 350°C and 500°C on average for aluminium.)   (Doherty. R, et. al. (1997)) (‌Roy, R.K. (2014))
This causes the material to plastically deform, changing its shape permanently without increasing its strength or decreasing its ductility. (Atkins, A. G., & Escudier, M. P. (2013)). 

[image: ][image: ]

(Kumar, A. (2021))                                      (Feng, C.-C., et. at. (2023)‌)
Hot rolling has several uses, including producing sheet metal that can be used in a variety of manufacturing procedures. It can also be used in construction, such as the use of I-beams which can be used for various applications, from automobile frames to structural supports for buildings. Hot rolling is preferred for these applications due to its resilience and strength.  (JSW Blogs. (2023)).‌
Hot rolling offers a number of benefits, the primary one being a decrease in rolling energy consumption. This is because the material can be shaped more easily because of its increased ductility and toughness after normalising (entering room temperature). It can be moulded more readily into any desired shape, such as pipes and tubes for water transmission. (Blog-manager (2022)).
The market price of hot rolled steel is typically lower than that of cold rolled steel due to the fact that it is easier and quicker to manufacture, which leads to the production of more mass products. (Velling, A. (2019)). ‌
Using steel as an example, hot rolling has certain drawbacks as well, such as dimensional distortions brought on by the cooling process. A material's dimensions along its length may not be uniform because of the material's slight shrinkage as it cools. Tolerance distortions can be anywhere between 2% and 5%. When materials are rolled at such high temperatures, they also begin to oxidise and form a layer known as "mill scale." This can cause problems with the material's surface finish and necessitate additional steps to remove it. Nevertheless, in certain cases, this can be advantageous, as it can safeguard the material while it is being stored. (Velling, A. (2019)). ‌Tears and an uneven surface may result from rolling crush, which happens when the steel sheet overlaps. (Shane (2023)).
The oxidation cannot be stopped, but it can be managed. One method to treat this is pickling, which uses hydrochloric acid to remove scale. The material may occasionally be cold rolled to achieve an even better finish. (Cui, C., Wang, H., Gao, X., Cao, G. and Liu, Z. (2021)). By monitoring the process, adjusting the temperature gradients, and assisting in reducing shrinkage when cooling too quickly, software like finite element analysis can help reduce deformities caused by cracking. Maintaining adequate lubrication will help control the cooling rates and minimise friction. (Gram, A. and Johan Silfwerbrand (2010)). ‌
By properly matching the roller shape and size with the steel billet, rolling crush can be avoided and the roller clearance can be adjusted. (Shane (2023)). 
When steel is hot rolled, the temperature causes a change in its microstructure. As the material undergoes plastic deformation, the grains will first lengthen and stretch. Following their recrystallization, these grains will produce new, round, nucleated grains. They grew uniformly but closely packed, giving them exceptional toughness and ductility. (Chenna Krishna, S., Karthick, N.K., Jha, A.K., Pant, B. and Cherian, R.M. (2018)). ‌
The ultimate tensile strengths for common steel grades, like S275 and S355, are, respectively, 410 and 470 N/mm2 between 3-100mm. (steelconstruction.info. (2015)). ‌This can vary across different grades and depends on various factors such as temperature, alloys, cooling method, and many more.  














[bookmark: _3whwml4]Casting operation – Die 
Die casting is a process in which a molten metal, particularly alloys of aluminium, magnesium, copper, and zinc, is forced under pressure (10–200 MPa) into a reusable, hardened-steel mould machined into a die. (Atkins, A. G., & Escudier, M. P. (2013)). [image: ][image: ]
 (CustomPartNet (2019))               (Bonollo, F., Gramegna, N. and Timelli, G. (2015)). ‌
Because of its ease of use and effective processing techniques, this process is employed in a wide range of mass production industries. It is widely used with both metals and polymers, and it can produce identical parts much faster than traditional machining methods. 
Steel and iron components are regularly replaced with aluminium die castings in the automotive and aerospace industries. This is so that the product's overall weight can be decreased, reducing fuel consumption and increasing efficiency, thanks to the material's lightweight nature. (Eko industries, (2020)). Die casting has a lot of benefits as well as drawbacks. This section will focus on die casting with aluminium, specifically alloy A380.0, since it is a very frequently used metal. (Rapid Direct (2022)). ‌
 Die casting makes it possible to produce specific parts in large quantities with short lead times. In addition, it can produce extremely complex parts with minute details and exact tolerances, making it a very effective process for use in the manufacturing industries. This results in very low manufacturing cost per part because of how quickly parts can be produced, which can be very advantageous to the manufacturer. Additionally, die casting makes it possible to create a part with exceptional hardness, strength, and durability. (Sunrise, (2024)) ‌
Although the manufacturing cost per part is very low with die casting, the initial cost of setting it up is huge. This makes the operation unsuitable for small batch production because of all the equipment required and the custom dies used for various products. (Sunrise, (2024))
Die casting components also have a number of flaws. These can be attributed to a number of different factors and include surface, internal, and dimensional defects. A frequent flaw is flash, which occurs when molten metal is forced out of the mold's seals. After the metal cools, trapped air or other contaminants may result in internal flaws like porosity or cracks in the final product. Additionally, temperature changes and under- or overfilling the die can result in warping or shinkage, which causes dimensional flaws. (Sunrise (2023)). ‌
By enhancing the gating mechanism, these flaws can be eliminated. Melted metal is directed into the mould cavity by means of the gating system. Well-designed gating systems help prevent defects such as warping, shrinkage, and porosity. (Vinarcik, E.J. (2003)). ‌
 In addition, maintaining a clean and dry metal alloy ingot, managing the melting process, and adjusting the casting temperature can all aid in the removal of flaws. (D. Benny Karunakar and Datta, G.L. (2007)). ‌
After casting, the A380.0 material's microstructure reveals that it is stronger, harder, and has greater yield, tensile, and impact strengths than it did before. Depending on how much pressure it is under will determine this. The qualities listed above intensify with increasing pressure. With increasing pressure, the number of grains that make up the microstructure increases while the size of the grains decreases. This results from the compressive force applied when the high-pressure molten material is forced into the die. (Obiekea, K.N., Aku, S.Y. and Yawas, D.S. (2014)). ‌
The ultimate tensile strength of aluminium A380 is 47000 psi, or 324 MPa. (sfsa. (2003)). ‌ This makes it a reliable and strong material. 
[bookmark: _2bn6wsx]Miscellaneous operation - Powder Metallurgy
Powder metallurgy uses metal powder, or a mixture of metal and nonmetal powder, as a raw material for forming and sintering to create metal materials, composite materials, and various other products. (Huang Boyun and Xu Kuangdi (2024)). ‌
The powder is placed in a press, where it is compacted with high force to create a solid shape. [image: ][image: ]
(Ames. (2024)). ‌                                                (ecoursesonline (2014)). ‌

After that, it moves on to the sintering process, where it is heated to eliminate any material that was left over from the pressing, burn off any oxidation, and melt the material to the point where the atoms and particles combine without losing their shape. The required material properties are then obtained by cooling this. (Raoul Chappell, 2024 - Lecture 19/01/24)).
Powder metallurgy is widely utilised in the automotive industry for the manufacturing of gears. This is due to its ability to produce properties that are precisely customised during the production process. Usually, they produce spur and helical gears for gearbox applications. Compared to traditional methods, powder metallurgy offers many advantages for these kinds of applications. (Gavran, R. (2023)). ‌
There are many advantages and disadvantages to powder metallurgy. The powder is made from high quality recycled materials, which makes it more sustainable than other methods. (Raoul Chappell, (2024)) It doesn't create as much waste as the powder particles are so small. (HPD consult, (2021)). ‌
 By blending and mixing, the powder material can be combined with other materials to create unique alloys that are impossible to create with many other methods. To do this, these powders need to have the same chemistries and sizes, or the same nominal composition. (Li, L., Hualin, L., Bingquan, S. and Xu Kuangdi (2024)).‌
A few drawbacks include the fact that powder metallurgy initially costs more due to the higher cost of the powder than the solid raw material. The cost is increased by the need to produce the powder through a number of steps, including atomization and sieving. (mpif. (2021)). ‌
This method of manufacturing results in components that are less strong and ductile than those made by other techniques, like forging. The mechanical properties of the component may be affected by this. (Nuclear Power. (2024)). ‌
There are limitations to the complexity of components that powder metallurgy can produce, particularly for very large or intricately designed components. (Nuclear Power. (2024)).
Stainless steel 316, one of the most widely used powders in powder metallurgy, is demonstrated to have a pretty porous, finely patterned microstructure prior to sintering. It becomes almost completely dense after sintering, and its porosity drastically decreases to 1.27% v/v. It forms a face-centered cubic microstructure with a fully austenitic microstructure after sintering. In some places, it may also take on a mirrored orientation, a phenomenon called "annealing twins." As a result, the material gains exceptional strength and ductility.  (Santamaria, R. et.al. (2022)). ‌
When stainless steel 316 is produced as a component using powder metallurgy, its ultimate tensile strength ranges from 580 MPa to 620 MPa. The quality of the material used and potential flaws that could arise during sintering could cause this to vary somewhat. (World Material, (2024)). ‌
Gas porosity, solidification cracking, and sintering porosity are a few common flaws in powder metallurgy. Gas porosity, which can affect the material's strength and density, is the result of trapped gas bubbles in the compressed powder. When the components are cooled down too quickly after being sintered, solidification cracking happens. Cracks may form as a result of this. When the material is not sufficiently densified during the sintering process, excessive porosity remains in the component. This is known as sintering porosity. Here, the grains do not form properly, causing spaces to appear between them. (Brennan, M.C., Keist, J.S. and Palmer, T.A. (2021)). ‌
Making sure that you use only degassed, premium powders with minimal to no contaminants will help to eliminate gas porosity. And also by reducing the gas content during the sintering process. By slowing down the cooling process to provide a more gradual normalisation period, solidification cracking can be avoided. This will stop large temperature fluctuations that could result in cracking. By closely regulating the variables, such as the amount of time spent sintering and the temperature, sintering porosity risks can be greatly reduced.  (Brennan, M.C., Keist, J.S. and Palmer, T.A. (2021)). ‌
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steel and steel slab quality [6,9,10,13]. However, systematic analyses of the effects of multiple parameters on the
large-scale manufacturing of steel strips are presently lacking. Accordingly, the Taguchi method was used to analyze
the influence of four parameters on the surface quality of cold-rolled steel. These parameters included the degree of
casting overheating (i.e., the casting and solidification temperatures of molten steel), casting speed, stirring time, and
inclination.

2. Materials and Methods

A schematic of the steelmaking process for the TCFSS strips is shown in Figure 1. Scrap stainless and alloy
steel (60-63% chromium with <0.1% calcium) were placed in an electrical arc furnace with a carbon electrode (610
mm) to generate an arc and melt the alloy. Subsequently, oxygen gas was blown over the material to decarburize the
molten steel.

Figure 1. Schematic of the production process of cold-rolled TCFSS strips.

The molten steel was then transferred to a basic oxygen converter to reduce the carbon content, and ferrosilicon
was added to reduce the chromium content. To further reduce the carbon and nitrogen content, oxygen gas was
blown into the molten steel in a vacuum oxidization decarbonization fumace (vacuum <1 mbar). Subsequently, 650
kg of aluminum wire (209.6%; D = 9.5 + 0.5 mm), 300 kg of calcium wire (97 + 1%; D = 9 + 0.5 mm), and ferro-
titanium ingots were added to the molten steel. Optical emission spectrometry (Model ARL 3460) indicated that the
chemical composition of the TCFSS was 0.01C-17.73Cr-0.05A10.01Ca-0.0072N-0.61Ti. A copper mold with water
cooling at 6-7 °C was used as a casting mold during the continuous casting. As the slabs left the mold, a thin
solidified shell formed on their surfaces, and a water spray was applied to solidify them. The slabs with a thickness of
175 mm were first cooled to 250 °C and then subsequently heated to 1090 °C in a reheating furnace for 4 h. They
were then hot rolled to obtain TCFSS strips with a thickness of 4.0 mm. The TCFSS strips were then annealed at 990
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