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[bookmark: _Toc157773639]Abstract
This report delves into the diverse forming operations within the field of materials processing predominantly focusing on Hot Rolling, Continuous casting and welding. The discussion for each process explores i) a definition ii) the applications iii) advantages and disadvantages, iv) associated microstructures v) ultimate tensile strength vi) process defects vii) the remedies. The primary emphasis is on the Hot rolling process of steel, the above mentioned topics are explored, the microstructure and ultimate tensile strength focuses on S275JR a structural steel specification, the discussion extends to the defects encountered such as edge cracks, roll stripping, rolled in debris and scale. Continuous casting is explored as a subsequent step in steel production, the microstructure and tensile strength focuses on S23JR structural steel specification where the discussion extends again into defects encountered such as longitudinal cracks, depressions, blow holes and star cracks. The paper concludes with an exploration of the welding process and its significance. The microstructure and tensile strength focuses on laser beam-welded titanium alloy Ti60 and common welding defects such as weld cracks, porosity and undercut are discussed. This assignment provides a comprehensive overview of these crucial forming operations and their association challenges and solutions in the realm of materials engineering. 
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Rolling is the process of plastically deforming a material such as steel by passing it through two rolls which results in a reduction in gauge and an increase in width. (William D. Callister, 2014). I will mainly be discussing the hot rolling process of steel. 
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[bookmark: _Toc152752390][bookmark: _Toc152935116][bookmark: _Toc157773309][bookmark: _Toc157773388]Figure 1 - A Process Flow Diagram of the Steel Making Process
(Nippon Steel, 2017)
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[bookmark: _Toc157773310][bookmark: _Toc157773389]Figure 2 – A flow chart of the hot rolling process from slab yard to coil yard
(Sharma, 2017)
Applications of Hot rolled steel is found in sheets and plates widely used in construction, agriculture and automotive industries. In the automotive industry it is commonly used in the production of the chassis due to its strength and durability which is crucial for safety. (Tata Steel/DigEca, n.d.) The advantages include vary from requiring less force to deform the metal to improved mechanical properties due to being heated above recrystallisation temperature, this also means that no work hardening occurs. Even though it is easier to use less power and force to deform the metal is comes at a cost of using higher energy to heat the material, this then creates a poor surface due to iron oxidation (typically in steel) called ‘scale’.  (P.Groover, 2017)
In hot rolled steel a typical microstructure contains equiaxed grains with a ferritic-pearlitic structure. The high temperatures required in hot rolling enable recrystallization and grain growth which results in small grain sizes – more grains and more grain boundaries results in a stronger metal by interfering with dislocation movement. (P.Groover, 2017) In comparison to cold rolled steel microstructures which contains elongated grains. (Garza, 2007)
[image: ]
[bookmark: _Toc152935117][bookmark: _Toc157773311][bookmark: _Toc157773390]Figure 3- Microstructure of hot rolled steels A and B and Cold rolled steels C and D

The ultimate Tensile strength (UTS) of hot rolled steel varies based off the specific alloy and temperature treatment. For steels the UTS can fall between  295-2400 Megapascals (MPa). (MatWeb, n.d.) For a structural steel spec such as S275JR+AR the UTS varies between 430 – 580 Megapascals (MPa). (TATA Steel, 2018). 

Common processing defects in hot rolling can include - 
Edge cracks- Edge cracks can be caused by the rolling over of local weak spots at the edges during the hot rolling process (these weak spots can result from micro hot shortness developed in the slab reheat furnace). (Laminacao Rolling - Steven G Jansto). To mitigate this we need to ensure that the strip is cooled evenly in the finishing mill and run out table so that there are not cold spots in the strip which can weaken them. (management, 2022)
[image: ] (Tobin, 2023)
[bookmark: _Toc157773312][bookmark: _Toc157773391]Figure 4 - Personal photo from TATA STEEL surface inspection systems of Cracked edges
Roll stripping- Roll stripping is another scale related issue that does cause problems intermittently in Port Talbot. The defect relates to the breakdown of the oxide layer on the roll and ultimately leads to a notable surface defect on the strip. (Laminacao Rolling - Steven G Jansto). to mitigate this we need to ensure: the roll coolant is enhanced, there are parameters and tolerances on the roll surface condition and the roll surface temperature. (management, 2022)

[image: ] (Tobin, 2023)
[bookmark: _Toc157773313][bookmark: _Toc157773392]Figure 5 – Image by taken by Joseph Tobin of roll with roll stripping on.
Rolled in debris - Broken/torn off fragments of previously rolled strips are subsequently rolled into the following strip’s surface when they become trapped in the finishing mill roll bite. (Laminacao Rolling - Steven G Jansto) mitigated by  ensuring there are maintenance periods for cleaning the areas surrounding the mill so foreign objects don’t fall onto the strip. (management, 2022)
[image: ] (Tobin, 2023)
[bookmark: _Toc157773314][bookmark: _Toc157773393]Figure 6 – Photo of rolled in debris on hot rolled material , taken by Joseph Tobin 
Rolled in Scale- Scale is a coverage of strip surface by oxide layer. This feature has the characteristics of scale particles with a rough, pitted surface which have been rolled into the strip. results from rolling in scale originally formed in or between the furnaces and roughing section and finishing mill when the strip is rolled through the finishing mill. (Laminacao Rolling - Steven G Jansto) There are many root causes: poor or incomplete descaling, deterioration in roughing mill work roll surface, excessive scale adhesion. To combat this overheating of the slab should be prevented, It should also be ensured that the jet are at in correct working order to remove the scale before reaching the finishing mill. 
[bookmark: _Toc157773315][image: ] (Tobin, 2023)
[bookmark: _Toc157773394]Figure 7- Image of rolled in scale taken by Joseph Tobin from tata steel surface inspection systems.
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The steel making process begins with iron making in a blast furnace where Iron ore, limestone, coke and sinter is heated and molten pig iron is created. The pig iron is put through to the basic Oxygen steelmaking (BOS) process which lowers the Carbon content of iron to produce high quality steel. Pure oxygen is blown into the molten iron which reacts with the impurities which escapes through an oxidation reaction, alloying elements can also be added to achieve the desired steel composition. 
 	The continuous casting process follows where the molten steel is tapped and continuously cast into slabs or billets through water cooled moulds, the outer shell of the slab is solidified whilst the core is still molten. The continuous strand is cut into desired lengths and the thickness and width can be adjusted depending on customer requirements, these slabs will then be hot rolled to create a usable product for customer. (Serope Kalpakjian, 2014)
[image: ]
[bookmark: _Toc157773316][bookmark: _Toc157773395]Figure 8 - Steel making process - Blast furnace, BOS & continuous casting (Nippon Steel, 2017)
[bookmark: _Toc157773317][image: ] (Research gate, n.d.)
[bookmark: _Toc157773396]Figure 9-Schematic of continuous casting process

End products of continuous casting is typically semi-finished steel in the shape of slabs or billets. These products are then further processed by hot rolling and then into various end products depending on the chemical composition, one application could be tubes. (TATA Steel, 2018), (Serope Kalpakjian, 2014). 
	The advantages of continuous casting vary from less material being wasted than alternative casting techniques, there is typically a high yield rate associated along with a low unit volume attributable to the high volume of metal. Typically a good surface finish is achieved alongside a high dimensional accuracy. On the flip side a large initial capital investment is required alongside regular and costly maintenance, continuous casting can only produce simple shapes such as slabs with a constant cross section. Even though a good surface finish is typical issues can arise if not controlled correctly. (Xometry, 2023)
 The most common material used for continuous casting is low carbon steel which predominantly lies in the ferrite phase. The outer layer consists of a columnar grain structure as a direct result of a rapid solidification against the mould surface, this is often referred to as the chill zone. As the steel continues to cool the inner regions will form dendritic structures. Other factors can contribute to the microstructure such as speed, cooling rate and alloying elements but the goal is to achieve a uniform and fine structure which ensures desirable mechanical properties. (YANG, 2017) 
[image: ] (Louchenkilpi, 2014)
[bookmark: _Toc157773318][bookmark: _Toc157773397]Figure 10 - Typical microstructure of steel showing the columnar (chill zone) grain structure (at bottom of image) and the dentritic structure (at the top of the image)
The typical ultimate tensile strength of a structural steel spec such as S235JR varies between 360-510 megapascals (MPa). (TATA Steel, 2018).
Common processing defects in continuous casting can include – 
Longitudinal cracks – Cracks that occur parallel to the casting direction due to rapid or uneven cooling which leads to thermal stresses, excessive casting speed which contributes to crack formation and inadequate mold lubrication which causes excessive friction and cracking. To prevent excessive thermal stresses the cooling rates should be optimised to ensure they are uniform and controlled as well as adjusting the casting speed. Effective mould release agents should be used to reduce friction between the mold and the casting surface. (Satyendra, 2014) (huihui, 2021)
[image: ] 
[bookmark: _Toc157773319][bookmark: _Toc157773398]Figure 11- Longitudinal cracks on continuous casting slab from top surface (a) and side surface (b) (Yu, 2010)
Depressions – Irregularities on the surface of the cast product that affects the appearance and structural integrity of the slab. The causes generally surround inadequate application of mould powder and irregularities to the mold surface and uneven heat transfer in the mould. This can be prevented by using appropriate mould powders with suitable viscosity and melting characteristics as well as maintaining mold condition by regularly inspecting the mold. (Satyendra, 2014)
[image: ]
[bookmark: _Toc157773320][bookmark: _Toc157773399]Figure 12 - Photograph of surface depressions of the 1.35 wt.% Al-TRIP steel slab. (Cui, 2019)

Blow Holes- cavities present on the surface that can affect the mechanical properties of the product. This is caused by entrapped gases and inadequate degassing of the molten metal during solidification. Aswell as mould powder issues such as incorrect composition or application of mould powder which contributes to the blow hole formation. This can be avoided by implementing effective degassing techniques in the BOS process. And ensuring proper selection and application of mould powders. (Satyendra, 2014)
[image: ]
[bookmark: _Toc157773321][bookmark: _Toc157773400]Figure 13 - shows the photograph of radiography test of blowholes formed (C. Chen, 2012)
Star cracks – Surface cracks that follow paths along grain boundaries. Caused by intense local cooling, presence of copper at austenitic grain boundary which is due to pick up from the mold itself. Prevention includes optimising uniform and controlled cooling rates to minimise thermal stresses during solidification by adjusting cooling water flow through the mold. A uniform layer of melted mould powder between the strand and the mold. (Satyendra, 2014)
[image: ]
[bookmark: _Toc157773322][bookmark: _Toc157773401]Figure 14 - Star Cracks: (a) Typical star crack on slab surface ,(b) Multiple star cracks (Zappulla, 2020)
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Welding is a manufacturing process that involves bonding two or more materials typically metals by heating above their melting point, once joined the materials solidify to form a bond or joint creating a durable connection. There are several different types of welding which have been optimised to for different materials and products. The most common types are Arc welding, gas welding and resistance welding.  (Britannica, 2023)
[image: ] (Shirsat, 2020)
[bookmark: _Toc157773323][bookmark: _Toc157773402]Figure 15 -  A diagram of ARC MIG (metal inert gas) welding
[image: ] (AZO OPTICS, n.d.)
[bookmark: _Toc157773324][bookmark: _Toc157773403]Figure 16 - Example of a classic ARC weld


Welding plays a crucial role in the fabrication of various structures and products in a variety of industries. In the construction world welding plays a huge part due to its versatility in being readily available to be transported to different locations, this also aids in making it useful for the shipbuilding industry – it is crucial in this industry to ensure the structural integrity and the watertightness of the vessels. The aerospace industry relies heavily on precision welding to maintain the structural integrity and safety of aeroplanes. (P.Groover, 2017)
[image: ] (Red-D-Arc Welderentals, n.d.)
[bookmark: _Toc157773325][bookmark: _Toc157773404]Figure 17- Picture of a welder ARC welding on a Navy warship
Advantages of welding include; high strength joints being created (often stronger than the parent materials when filler metal is used) producing a single entity structure. Versatility – able to join a wide variety of materials alongside not being limited to a factory setting only compared to other processes. 	
The biggest disadvantage of welding is the skilled labour requirement, welders perform the task manually which tend to be costly – improper welding can lead to weak joints compromising the integrity of the structure. From a safety aspect welding involves exposure to high temperatures, fumes, gases and intense light- safety measures and personal protection is essential. Welding can also cause distortion and residual stresses which can potentially affect the overall shape and integrity of the product.  (P.Groover, 2017)
When laser beam welding is used in the joining of the titanium alloy Ti60 the microstructure of the welded joint consists of three zones – Fusion zone (FZ), heat-affected zone (HAZ), and base metal (BM). In the FZ and inner HAZ after welding the microstructure is characterised by fine acicular – martensite. The outer HAZ consists of martensite and untransformed retained phase. After post-welding heat treatment the Martensite transforms into a fine acicular phase. Once the heat treatment of Ti60 the ultimate tensile strength of the welded joint is 980 MPa at room temperature and 728 MPa at 600°C. (Qin, 2020)
[image: ] (Qin, 2020)
[bookmark: _Toc157773326][bookmark: _Toc157773405]Figure 18- Microstructure of the FZ (a) and of the HAZ (b, c) in the as-welded condition: b ) inner HAZ; c) outer HAZ.
[image: ] (Qin, 2020)
[bookmark: _Toc157773327][bookmark: _Toc157773406]Figure 19- Microstructure of welded joint after PWHT: a) base metal; b ) FZ; c) inner HAZ; d) outer HAZ.

The main defects and their remedies when it comes to welding are detailed below – 
Weld Crack – A weld crack is a serious defect that occurs on the surface in the weld metal or in areas affected by intense heat. The three types of cracks are hot cracks, cold cracks and crater cracks. This can be caused by; the use of hydrogen, base metal contamination, residual stress, poor joint design and a high sulphur carbon content. 
This can be mitigated by preheating, correct joint design, removal of impurities and proper cooling. (indonesia, n.d.)
[image: ] (working, 2011)
[bookmark: _Toc157773328][bookmark: _Toc157773407]Figure 20- centreline weld crack

Porosity – this derives from weld metal contamination producing a weld filled with trapped gases that weaken over time. This can caused by; inadequate electrode deoxidant, incorrect surface treatment, contaminated surfaces and presence of moisture. 
This can be mitigated by cleaning materials before welding, using dry electrodes and materials, optimising gas flow meter settings. (indonesia, n.d.)
[image: ] (4x4, n.d.)
[bookmark: _Toc157773329][bookmark: _Toc157773408]Figure 21-Picture of a porous weld defect
Undercut – a groove formation located at the weld toe which reduces the cross sectional thickness of the base metal which ultimately wakens the weld. This can be caused by - fast weld speed, incorrect angle, incorrect gas shielding, too high weld current. 
This can be mitigated by adjusting electrode angle, reducing arc length and travel speed, using proper electrode angle and current. (indonesia, n.d.)
[image: ] (engineering, n.d.)
[bookmark: _Toc157773330][bookmark: _Toc157773409]Figure 22-Example of Deep Corrugated Undercut in Welding
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Figure 2.18: Star Cracks: (a) Typical star crack on slab surface [51].(b) Multiple star cracks
on the surface of a slab [52]




image15.png
MIG WELDING Machine-fed

wire rod

Inert gas
supply

Molten weld pool

Weld Metal

Electrode Cable

Base Metal

Ground Cable

Power source




image16.png




image17.png




image18.png




image19.png




image20.png




image21.png




image22.png




