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2 [bookmark: _Toc31015762]Introduction
Continuous casting of steel is a process in which liquid steel is solidified continuously into a strand of solid metal. In this process, the submerged entry shroud (SES) is designed for immediate connection to the bottom of the tundish that gives maximum protection of the steel stream against oxidation from the atmosphere and minimizing steel splashing.
The SES is positioned directly in the centre of the mould so that the flow of liquid steel within the mould is equally distributed, thus not introducing any undesirable liquid flow patterns that may disrupt solidification.
To aid the SES with corrosion by mould slag during the continuous casting of steel, a zirconia-graphite sleeve is generally used. The lower solubility of ZrO2 in the mould slag compared to that of the graphite component of the SES offers higher stability.
Nearly 50 percent of the total manufactured refractory materials in the world and a massive percentage of this usage is graphite containing refractories, is used by the steel industry. The graphite found in the SES base refractory materials offers:
· High thermal shock resistance and a high thermal conductivity, offering the possibility to pre-heat the SES at higher temperatures. Which results in saving time and energy.
· Low wettability by molten steel.
With the introduction of additive manufacturing (3D printing), there’s potential of reducing costs, speeding up the overall development and manufacturing process, amongst other benefits.
2.1 [bookmark: _Toc31015763]Aims
The focus of this report will be to outline how SESs are currently manufactured and to propose how 3D printing would be a suitable additive manufacturing process for its production. 
2.2 [bookmark: _Toc31015764]Objectives
In order to achieve the aim of the report I will be carrying out the following:
· The functional requirements of the SES.
· The material which is currently used for production.
· The manufacturing processes which is currently in use.
· The additive manufacturing process with a clear justification of why I have chosen it.
· The benefits which the new (additive) manufacturing process would offer.


3 [bookmark: _Toc31015765]Literature Review            
3.1 [bookmark: _Toc31015766]Functional requirements
SESs have two requirements in order to be functional. Its first function is to be able to control the flow of liquid steel from the bottom of the tundish and into the mould below. Continuous casting allows for numerous ladles to be cast in sequence which requires a tundish that acts as a reservoir for the liquid steel, and the ability to change the SES if necessary, during the casting sequence. The second function of the SES is to offer maximum protection to the liquid steel stream against oxidation from the atmosphere, which would cause oxide inclusions in the steel, affecting steel cleanliness (Yu 2017). SESs have a typical lifespan of three total casts, making it vital that they perform correctly.
3.2 [bookmark: _Toc31015767]Materials currently used for production
3.2.1 [bookmark: _Toc31015768]Erosion resistant seat and plate area
[bookmark: _GoBack]The materials used for the SES and erosion resistant seat and plate area (or MTNP/MTSP) can vary depending on the customer’s needs. There is an array of mixes that range from your typical alumina graphite, magnesia and spinel mixes to cutting-edge low carbon liners. For SESs, contact between the materials and liquid steel are unavoidable and must be able to resist chemical attack in addition to erosion from the flow of liquid steel. The materials used for the MTNP/MTSP must be able to resist the abrasion caused by the SES change to avoid the liquid steel being re-oxidized by the atmosphere.
3.2.2 [bookmark: _Toc31015769]Slag line sleeves
The contact between the refractory, mould powder and the liquid steel is arguably the most crucial area that affects the SES. A zirconia-graphite sleeve is typically used to combat the chemical attacks produced by the mould powders. The zirconia products come in an array of mixes from cold start to mixes designed to avoid longitudinal face cracking (LFC’s).
3.2.3 [bookmark: _Toc31015770]Controlling alumina build-up
The SES has interior and submerged segments that are areas of concern of alumina build-up, erosion, corrosion as well as steel penetration. The lifespan of the SES can be affected by these numerous circumstances. An array of materials as liners as well as outlet ports are used to tackle this problem. 
3.2.4 [bookmark: _Toc31015771]Reducing erosion and corrosion
Even after long casting times, the alumina-graphite material used to produce SES’s that are erosion/corrosion resistant can withhold their mechanical strength and chemical and microstructural integrity. The liners are produced with unique low carbon materials that include high erosion resistance for the most challenging flow conditions and decreased chemical interaction with liquid steel (Vesuvius 2019).
3.2.5 [bookmark: _Toc31015772]Thermally insulating liners
The liners used for SESs are thermally insulated, this aids with avoiding failure by thermal shock, as well as decreasing thermal loss of the flow of liquid steel into the mould. 
3.2.6 [bookmark: _Toc31015773]Eliminating steel penetration
The materials used offer a high resistance to steel penetration that allow for casting to operate for prolonged periods of time.
3.2.7 [bookmark: _Toc31015774]Coatings
It is considered that the glaze used on the SESs is arguably the most essential component, as the coating prevents oxidation of the SES. This glaze helps to prevent the SES from being oxidized even in the harshest preheat and casting circumstances, which in turn prolongs the lifespan and the working temperature range of the SES.
[bookmark: _Toc31015775]2.2.8	Thermal insulation
Thermal insulation of the outer exterior is another critical factor when contemplating the design of a SES. During preheat, this insulation is applied to conserve the heat. The use of ceramic fibers makes this accomplishable.
3.3 [bookmark: _Toc31015776]Current manufacturing processes
[bookmark: _Toc31015777]2.3.1	Isostatic pressing
SESs are currently manufactured through isostatic pressing. Isostatic pressing is required for the manufacture of SESs because they are intricate shapes. The process involves a constant force being applied from every side with the aid of fluid. This process eliminates the issue of density variation that occurs during dry pressing. The mould used needs to be flexible. There are 2 kinds of isostatic pressing, cold isostatic pressing (CIP) and hot isostatic pressing (HIP). CIP is when it’s being pressed at room temperature, whilst HIP is when it’s being pressed at high temperatures. Both are used in the manufacture of SESs.
[bookmark: _Toc31015778]2.3.2	Cold isostatic pressing
CIP includes the wet and dry bag processes. In the wet bag process, powder is included in the rubber mould. A metal mandrel is enclosed inside, forming the hollow shape of the SES inside the mould. It’s then contained in a wire mesh basket and then shut. The mould with everything inside is then placed into a pressure chamber, which is then shut. When the chamber is under high pressure, the fluid is then poured into an opening. The pressure can be in the range of 20 MPa–1 GPa, depending on the capacity of the press and the material to be pressed (Surendranathan 2014). Equal pressure is applied to every side, when the fluid enters the mould through the wire mesh basket. When the fluid pressure reaches atmospheric pressure, the process has finished. Everything inside is then taken out from the pressure chamber. The mould is then opened, and the SES is then extracted.
During the dry bag process, the mould is an essential piece of the press. A chute located on the side of the press for fluid to reach to mould. The process can be fully automated, meaning that production rate is high. At atmospheric pressure, the powder gets poured into the mould. To form the hollow shape of the SES, and inner pin is enclosed inside. Under high pressure, oil is then introduced into the mould after it’s been shut. When complete, the oil is drained out. The SES is then extracted and machined. Both processes are used in the manufacture of SESs.
[bookmark: _Toc31015779]2.3.3	Hot isostatic pressing
Pressurized hot fluid is utilised in HIP. Temperatures can reach 2000°C, and the pressure can vary between 30 and 1000 MPa (Surendranathan 2014). A gas is used as the fluid generally. The pressure chamber holds a furnace inside and is kept at the necessary temperature. The pressurised gas is increased to the furnace temperature, when it arrives at the chamber. When the gas reaches furnace temperature, the pressure can rise further. A pressure-release valve aids to release excess pressure.
A flexible mould can be used for HIPing where powder is retained, or to a sintered part to increase its density. Due to the high temperatures implicated, the melting temperature of the metal flexible mould is higher than the HIPing temperature. Through dry pressing or injection moulding, green compact is formed using this procedure. The compact is then enclosed in glass and after HIPed. 
The sinter-plus-HIP procedure is the second procedure used. Through dry pressing or injection moulding, the powder is first formed. In order to close the open pores, the green compact must be sintered. The compact is not enclosed when being HIPed after being sintered. With HIPing, 100% dense parts can be formed. HIPing is exclusively used for the manufacture of special material such as the SES, due to its high cost.
3.4 [bookmark: _Toc31015780]Additive manufacturing process
[bookmark: _Toc31015781]2.4.1	Selective laser sintering
Selective laser sintering (SLS) is a method of additive manufacturing (AM) technology where a laser is used to sinter powdered material into a solid structure built from a 3D model. For decades, engineers in product development have been drawn to SLS. SLS is ideal for a variety of products from functional prototyping to small batch or bridge manufacturing (Formlabs 2019).
[bookmark: _Toc31015782]2.4.2	Print process
A thin layer of powder is distributed on top of a stand inside of the build chamber. The powder is then preheated by the printer which heats the raw material to a temperature just below melting point. When the printer traces the model to solidify a layer, the preheated powder makes is it quicker for the laser to increase the temperature of certain areas. The laser heats the powder to or just below the melting point, as it scans a cross-section of the 3D model. This creates a solid layer, as the particles bind together through atomic diffusion. This eliminates the need for any form of support, as the unsintered powder offers a foundation for the part being built. The stand inside the build chamber drops between 50 to 200 microns to start a new layer, which is applied via a recoater. The next cross-section of the model is then scanned by the laser. This procedure gets repeated for every layer until the build is finished, and the final build is left to cool off slowly inside the printer. The final build gets extracted from the build chamber, once the build has reached room temperature. It is then sent to a cleaning station and the final build and cleaned of any excess powder.
2.4.3	Why I have chosen SLS 
SLS parts are ideal for making SESs because they offer good, isotropic mechanical properties. Builds that require intricate geometries can be produced with ease, because SLS needs no support. SLS also offers better durability and offers better functionality than the other AM processes.
[bookmark: _Toc31015783]2.5	New material
I have decided not to introduce a new build material because the SES is a specialist part. The material currently used for the SES contains graphite, which offers high thermal shock resistance and a high thermal conductivity. These are must haves for a SES because they will be exposed to incredibly high temperatures. Graphite also offers a low wettability by liquid steel, which is also crucial for a SES.
[bookmark: _Toc31015784]2.6	Benefits of SLS
[bookmark: _Toc31015785]2.6.1	Freedom of design
SLS does not need support for the designs it prints because the unfused powder supports the build during printing. It can also manufacture once before unachievable geometries.
[bookmark: _Toc31015786]2.6.2	High productivity and throughput
Being the fastest AM process for functional end-use parts, SLS is ideal for manufacturing SES’s. Compared with other layer deposition AM procedures, SLS offer the fastest and most accurate scanning speed. The SLS build chamber allows for as many parts to be printed as possible without support, meaning that time is saved in post-processing. Extra parts can also be introduced whilst it’s already printing, allowing for final minute changed to the build.
[bookmark: _Toc31015787]2.6.3	Reduced product development cycles  
Prototyped parts can be altered initially by engineers, and the product can be made using the same machine and material. SLS allows for prototyped parts to be modified and tested effortlessly because it doesn’t demand the high-cost and laborious tooling of conventional manufacturing. In turn, product development time is significantly less. To produce intricate and tailored parts, SLS is an economical process because of its low cost per part and efficient, durable materials (Formlabs 2019).


4 [bookmark: _Toc31015788]Conclusions
I believe that SLS could be introduced into the manufacture of SES’s because of the benefits that it offers. I wouldn’t say that it would replace the current manufacturing process of isostatic pressing entirely but would aid the process alongside it. SLS offers the freedom to design the most intricate of build with the advantage of doing so without the need of external support making it extremely efficient. SLS has the fastest and most accurate scanning speeds as well as the build chamber allowing many parts to be cast at once, which offers high productivity. The product development time is also significantly less because it doesn’t require high tooling costs. AM processes are rapidly growing and becoming far better. Manufacturing industries should be looking to incorporate them into their current manufacturing process.
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