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[bookmark: _Toc71909021]Executive Summary
Material selection within the aerospace industry is critically important. This assignment is a reflective piece analysing SpaceX decision to use stainless steel over its original plans to build an all carbon fibre rocket body for their latest launch vehicle, Starship and Super Heavy rocket booster. The decision shocked many scientists and engineers globally, stainless steel has a particularly high density, materials with high density typically translate to higher cost generated to get off the ground and tend to travel shorter distances. Given Starship has ambitious plans to travel to the moon and beyond made it more unusual, especially given the many material options available to SpaceX. In this assignment I will explore the reasons why SpaceX took the bold decision to change the material selection and what makes this choice a good fit for Starship and Super Heavy launch system. This is an excellent example of material engineering influencing the design and the impact on the overall project.
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[bookmark: _Toc71909022]Introduction - SpaceX
SpaceX designs, manufactures, and launches the world's most advanced rockets and spacecraft. The company was founded in 2002 and is owned by Elon Musk, Elon has bold and ambitious plans for the future of space travel and remains focused and committed to revolutionising space travel. SpaceX aims to deliver humans to the Moon, Mars and other destinations in the solar system using a fully reusable spacecraft and are committed to the potential of humans one day becoming a multiplanetary race. Currently they are building on the success of Falcon 9 and Falcon Heavy missions by developing the next generation spacecraft called Starship. (Rincon, 2020)
[bookmark: _Toc71568446][bookmark: _Toc71909023]Starship
SpaceX’s Starship spacecraft and Super Heavy rocket (collectively referred to as Starship) represent a fully reusable transportation system designed to carry both crew and cargo to Earth orbit, the Moon, Mars and beyond. Starship will be the world’s most powerful launch vehicle ever developed, with the ability to carry in excess of 100 metric tonnes to Earth orbit and beyond. (Rincon, 2020)
Starship SN prototypes have already completed several successful low level earth orbit missions where they are working on the ability for Starship to land vertically, this will eventually allow the spaceship to land and take off from Mars or other planetarian surfaces. These are currently test flights using prototypes. Currently Starship prototype SN15 is preparing for launch with Prototypes being developed and manufactured rapidly on a scale never seen before in space travel. (Rincon, 2020)
[bookmark: _Toc71568447][bookmark: _Toc71909024]Aims
During this project I will aim to conduct a case study to better understand the material selection process and what drove SpaceX to change the original design from using carbon fibre to stainless steel. I will explore every aspect which enables them to successfully use this material with significantly high-density value to its advantage, I will analyse the material properties and look at the impact the material selection process has had on the overall success to date.
[bookmark: _Toc71568448][bookmark: _Toc71909025]Objectives
Material selection is arguably one of the most important aspects to consider when designing for manufacture but none more so that when you consider space travel. In this project I will evaluate the material selection, looking at the materials in service. This project will help us understand the reasons why SpaceX switched to stainless steel and the advantages gained by this decision.
[bookmark: _Toc71909026]
SpaceX Background
SpaceX is owned by South African born engineer/ billionaire Elon Musk. SpaceX announced to the world it’s bold plans to develop what will be the largest and most powerful rocket ever built, capable of carrying humans to Mars and other destinations within our solar system. To date SpaceX has successfully carried out 119 launches, with 81 landings, and 61 re-flown rockets proving their dedication to developing reusable rockets. SpaceX recognise that a fully reusable space rocket will significantly reduce cost of space travel and this will ultimately enable them to reach the target of delivering humans to establish bases on the Moon, Mars and beyond. They are currently developing the next generation launch vehicle known as Starship.
[bookmark: _Toc71568450][bookmark: _Toc71909027]Starship
SpaceX’s Starship spacecraft and Super Heavy rocket collectively referred to as Starship represent a fully reusable transportation system designed to carry both crew and cargo to Earth orbit, the Moon, Mars and beyond. Starship will be the world’s most powerful launch vehicle ever developed, when fully functional Starship will be able to deploy two configurations. (SpaceX, 2020)
Crew - designed to carry crew, to become a multiplanetary race SpaceX needs to be capable of delivering humans on mass, the crew configuration will be capable of transporting up to 100 people from Earth to the Moon and Mars, the crew configuration of Starship includes private cabins, large common areas, centralised storage, shelters for radiation, and viewing gallery. (SpaceX, 2020)
Cargo – Starship from the onset was designed to be capable of carrying 100 tonnes of cargo to the Moon and Mars. This will be key in delivering building materials and equipment to allow humans to develop bases on Martian surfaces, Starship will be capable of fully autonomous delivery using various payload bay configurations. (SpaceX, 2020)
There are big challenges and complexities in creating a launch vehicle with the ability to meet the demands of SpaceX future missions, but SpaceX is committed to meeting these targets and believe Starship will become its flagship.
Currently Starship is in the development stages and is rapidly progressing with a number of successful test flights to date.
[bookmark: _Toc71568451][bookmark: _Toc71909028]Serial Number (SN) Prototypes 
SpaceX is running a series of test flights known as SN series, these test flights are all about improving, understanding, and developing a fully reusable launch vehicle, it has allowed engineers to gather vital data and make improvements to the design. Early SN models resembled a storage bunker over space rocket with no nosecone or fins incorporated it had affectionately been named Starhopper. Several SN prototypes were destroyed during failed engine tests on the launch pad and after achieving successful Low Earth Orbit test flights work has begun improving the SN landing capabilities. Currently waiting for SN15 test flight with a significant design change predicted from SN20+. (McDowell, 2019)
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[bookmark: _Toc71729838][bookmark: _Toc71909131]Figure 1: Starship 
[bookmark: _Toc71909029]
Materials in Service
Material selection is arguably the most important aspects to consider when designing for manufacture, this is vitally important and becomes extremely challenging when designing for space travel. Typically, the material needs to have high strength and low weight. Adding weight causes problems for engineers as the more weight added requires more fuel, the more fuel requires a larger fuel storage tank and in turn adds more weight. This highlights some of the difficult trade-offs faced by material engineers.
It’s not simple for engineers to find suitable materials. Sometimes the material choice is the solution. Other times the design must fit the limitations of the material properties. The material will need excellent thermal properties as it will be subjected to large and extreme temperature variations, from freezing cold cryogenic temperatures, to the extreme heat generated when passing through Earth’s atmosphere. This section will give us an insight into the materials in service from the past to present material selection for space rockets.
[bookmark: _Toc71568453][bookmark: _Toc71909030]Stainless Steel
Stainless steel was one of the early materials used in the manufacturing of space rockets, engineers made a bold decision to change the traditional design of rockets by removing the structural framework in the tank to reduce weight with the idea of propelling the rockets greater distances. This design was known as a balloon tank and required constant pressure internally to maintain strength, but the advantages of using such design meant that the rocket had a better weight to propellant ratio. 
The Atlas launch vehicles adopted the balloon tank design with the intension of creating an intercontinental ballistic missile for the US Army Air Corps, they were later repurposed to conduct orbital flights for the Mercury program. these rockets were made from very thin 301 stainless steel and made over 100 successful space flights spanning from the 1960’s to late 1970’s. however in 1961 the Atlas D rocket collapsed under its own weight whilst on the launch pad, the tank suddenly depressurised causing a catastrophic failure as the tank could not support its own weight.
Due to stainless steels high density, it became important for engineers to look at other ways to reduce the overall mass of the rocket, extreme measures were taken when they opted to reduce weight by not painting the surface, instead opting to spray the rocket with a light oil called Water Displacement 40 now known as WD40.
Stainless steel was not the best material for space travel but was possibly the best engineers had at the time. This shows the many challenges surrounding material selection, this example shows how engineers design must fit the limitations of the material properties.
[bookmark: _Toc71568454][bookmark: _Toc71909031]Aluminium Alloys
Advances in manufacturing techniques and metallurgy processes paved the way for lighter materials to be considered, materials such as aluminium became popular for its low weight and high strength with the added benefit that aluminium could be alloyed easily with other metals to improve its properties further.
As processes improved aluminium became alloyed with the less dense element Lithium, this addition increases the strength and modulus of aluminium alloys while lowering the density. The main advantage over standard aluminium alloys is a lower density combined with improved elastic modulus. It also has a greater resistance to fatigue crack growth.
Improvements in manufacturing techniques and welding processes allowed for the space shuttle to adopt aluminium lithium alloy and in doing so saved an estimated 3600 Kg of weight, the materials higher strength meant that less of it was typically needed but was also lighter than standard alloys. This would allow for significant advances in space travel as it improved performance and fuel efficiency. This material is still highly regarded and used today including the material choice for the SpaceX Falcon 9 rocket.
Aluminium lithium alloys unfortunately have low melting temperatures and cannot withstand the extreme temperatures experienced when passing through earth’s atmosphere as a result they require some form of heat protection which adds considerable weight and often requires extensive maintenance to damage caused by the extreme temperatures. 
[bookmark: _Hlk66979682][bookmark: _Toc71568455][bookmark: _Toc71909032]Carbon Fibre Composites
Carbon fibre has many advantages and excellent properties for space travel including high tensile strength, low weight, high chemical resistance, low thermal expansion, and high temperature tolerance.  Carbon fibre has a high stiffness to density ratio and is a good choice of material specifically when weight may translate to higher costs or unsatisfactory performance like space rockets.
SpaceX had originally designed to manufacture Starship out of carbon fibre, carbon fibre has excellent material properties and is considered to be a advanced material worthy of any modern rocket however there are still many draw backs that make this material unsuitable. Despite its superior qualities it  is prone to imperfections, liable to cracking when machined and is ultimately difficult to work with, especially when we consider large rocket sections. We will need to see significant advances with bonding and manufacturing techniques before we see this used on this level. (Rock West, 2020)
[image: ]
[bookmark: _Toc71909132]Figure 2: Saturn V, Starship, Falcon 9
[bookmark: _Toc71909033]Operating Environment
Prior to looking at the material selection process it is important for us to understand the operating environment that these rockets will be exposed to. Space puts all materials under severe conditions allowing only the most robust to survive. Temperature, gravity, radiation, and pressure are just a few variables not experienced as they are on earth. 
Temperature – There can be large variations of temperature when travelling through space, temperatures in interstellar space can be as low as 3 Kelvins which is considered absolute zero (-270.15 degrees Celsius). The liquid methane/ oxygen fuel carried onboard is also stored at cryogenic temperatures. Temperatures in space can vary greatly, heat is being given off by the sun and spacecrafts travelling on the sun’s side will experience temperatures close to 573 Kelvins (300 degrees Celsius).  Spacecrafts also need to be prepared to withstand extreme heat generated specifically on re-entry to Earth’s atmosphere, travelling at speeds upwards of 25,000 mph will generate heat from friction experiencing temperatures of 1,600 degrees Celsius, for this reason heat protection is required. (Gombosi, 1998)
Gravity – On take-off the spacecraft needs to overcome earths gravitational pull, during the launch these forces will be magnified up to three times the force on earth. Materials should not deform under these forces and needs to maintain its integrity. Weight of the rocket can have a significant impact on these forces making it important to keep weight low where possible. (Gombosi, 1998)
Radiation – Outside the protection of the earths atmosphere radiation levels increase, dependant on the height of the orbit or the greater distance travelled will increase radiation exposure. Solar storms can drastically spike the radiation levels. It is important to protect the crew and spacecraft form these spikes in radiation.
Pressure – The fuel storage tanks are typically pressurised up to 10 bar and will always have a greater pressure inside the tanks compared externally when operational. The early Atlas rocket required this positive pressure to maintain the structural integrity. 
Corrosion - We associate the near perfect vacuum of space to eliminate the effects of corrosion however the onboard systems will produce and expel particles and gasses in the vicinity of the space craft creating an induced environment around the spacecraft. (Legar, 2018)
[bookmark: _Toc71909034]Material Properties
SpaceX made the bold decision to use stainless steel for Starship despite its high density. This section will analyse the material properties of 301 stainless steel to help us understand what makes this a good material to manufacture Starship.
[bookmark: _Toc71568458][bookmark: _Toc71909035]301 Stainless Steel
301 is described as an austenitic stainless steel which offers good corrosion resistance, high strength and ductility and can easily be welded. 301 Stainless steel is a Nickel, Chromium, Iron blend with a low carbon content which gives it these properties. 
Below is a typical chemical composition for 301 stainless steel.
	Composition
	Weight %

	Carbon (C)
	0.15 max

	Manganese (Mn)
	2.0 max

	Phosphorus (P)
	0.045 max

	Sulphur (S)
	0.03 max

	Silicon (Si)
	0.75 max

	Chromium (Cr)
	16.0 - 18.0

	Nickel (Ni)
	6.0 - 8.0

	Nitrogen (N)
	0.10 max

	Iron (Fe)
	Balance


[bookmark: _Toc71730035][bookmark: _Toc71730134]Table 1: Chemical Composition 301 SS
[bookmark: _Toc71568459][bookmark: _Toc71909036]Corrosive Resistance
Stainless steel is also corrosive resistant, which is another important aspect to consider, because of this there is no requirement to paint the surface. Due to its natural shiny finish, this surface finish will help cool the rocket by reflecting the extreme heat experienced during space travel. The corrosion resistance of stainless steel is from the chromium content. A layer of chromium oxide is formed on the surface of the steel. This thin layer reforms when cracked or damaged, leaving the shiny surface finish. (Tribotecc, 2021)
[bookmark: _Toc71568460][bookmark: _Toc71909037]Thermal Properties
Stainless steel also has the advantage of withstanding extreme heat due to its high melting point. The nickel and iron give it excellent ductility and heat resistance. Due to stainless steel having higher chromium content of up to 18% gives it excellent thermal properties, the material can withstand operating temperatures of 870˚C, giving it a significant advantage over materials such as aluminium- lithium alloys which has a much lower operating temperature reported to be close to 520˚C.
Another unique property of stainless steel is its ability to withstand low temperatures while maintaining good strength. Many metals become brittle at cryogenic temperatures but this is not the case for stainless steel and the opposite happens, stainless steel becomes stronger and more ductile at low temperatures, this unusual material property gives it an advantage over other materials. 
The table below gives an example of how 301 stainless steel performs under different low operating temperatures when performing uniaxial tensile testing.
	Temperature (˚C)
	UTS (MPa)
	0.2% YS (MPa)
	Elongation % 50.8mm

	21
	758
	276
	6

	0
	1069
	296
	6

	-40
	1241
	331
	4.5

	-62
	1344
	345
	7

	-196
	1896
	517
	9


[bookmark: _Toc71730036][bookmark: _Toc71730135]Table 2: Uniaxial Tensile Testing
From the test data we can see that the UTS increases as the temperature lowers but unique to stainless steel the elongation also increases proving the material maintains ductility at these temperatures.
[bookmark: _Toc71568461][bookmark: _Toc71909038]Mechanical Properties
Stainless steel encompasses a wide variety of mechanical properties but specifically possesses excellent tensile strength, Creep resistance, ductility, fatigue resistance, hardness and toughness compared to other materials in service, stainless steel significantly outperforms others. (Tribotecc, 2021)





[bookmark: _Toc71909039]Advantages of Using Stainless Steel
Originally SpaceX founder Elon Musk had unveiled to the world his plans to manufacture an all-carbon fibre rocket body for Starship, they invested in a large scale manufacturing facility in the port of LA. Then suddenly made a dramatic U-turn, closing the LA facility and announced his plans to manufacture Starship out of 301 Stainless Steel. This bold claim shocked many scientists and engineers globally. Stainless steel is known to have a very high-density value and, in an era, full of light weight high strength material options, why would Elon choose to use such a material?  In this section I will analyse the decision process and the factors that influenced this.  (Rock West, 2020)
[bookmark: _Toc71568463][bookmark: _Toc71909040]Cost
When asked the main reasons why the switch to stainless steel Elon Musk was quick to point out cost, the cost to purchase carbon fibre is estimated at $130,000 per ton whereas the cost of stainless steel comes closer to $2500 per ton. Making stainless steel over 50 times cheaper to purchase. On top of this 35% of carbon fibre is wasted when cut for manufacturing purposes further increasing the cost to purchase and inducing further waste. Stainless steel is available to purchase off the shelf in a variety of sizes ready to manufacture saving cost and time. 
[bookmark: _Toc71568464][bookmark: _Toc71909041]Strength/ Durability
One of the biggest advantages of using Stainless steel is the materials overall strength, the material is known to have excellent strength and most significantly maintains its strength on experiencing very high and extremely low temperatures. Many metals become brittle at cryogenic temperatures, stainless steel is unique as it becomes stronger and more ductile at cryogenic temperatures. The materials strength and durability will give SpaceX the foundations to produce a fully reusable rocket.
[bookmark: _Toc71568465][bookmark: _Toc71909042]Availability
Stainless steel can be simply purchased off the shelf in a variety of sizes, including 1.8 meter rolls suitable for creating the 9 meter diameter sections needed to build Starship. This availability allowed SpaceX to start producing prototypes immediately. Carbon fibre required complex processing and manufacturing techniques before manufacture.
[bookmark: _Toc71568466][bookmark: _Toc71909043]Machinability and Bonding
One of the major difficulties faced with producing large launch vehicles out of carbon fibre is the ability to manufacture these quickly on mass. To produce 9 meter diameter sections of carbon fibre requires a great deal of skill and costly tooling, the sections must be manufactured to extremely fine tolerances. It is challenging to bond the carbon fibre sections together, the large tanks require near vacuum conditions and proved to be difficult to achieve. Another disadvantage of carbon fibre is its ability to break or shatter if pushed beyond its strength capabilities, generally machining can create weak points within the material. All of this lead to SpaceX abandoning over 24 months of manufacturing and expensive tooling in pursuit of stainless steel.
In contrast Stainless steel is readily available and cheap to purchase in 1.8 meter wide rolls, stainless steel is easily bonded using a variety of simple welding techniques, it is easy to machine and can withstand small structural imperfection such as cracks. This change has simplified the manufacturing processes significantly which saved a great deal of time and resources. Since the switch SpaceX has been able to reduce manufacturing times greatly and much of that is owed to the use of stainless steel.
[bookmark: _Toc71568467][bookmark: _Toc71909044]Recyclable 
All stainless steels are completely recyclable, most modern stainless steels are produced out of 60% scrap material from industrial equipment and manufacturing offcuts. Stainless steel contains valuable Nickel and chromium which is important to reclaim through recycling, to recycle stainless steel is extremely cost effective for this reason. (Tribotecc, 2021)












[bookmark: _Toc71909045]Disadvantages of Using Stainless Steel
Despite the many advantages mentioned and the many more not mentioned there is one major disadvantage in using stainless steel to produce space rockets and that was the same disadvantage that was present in the early stages of space travel and forced engineers to seek lighter aluminium alloys. Stainless steel still has a very high density, density is a figure of weight over volume (Kg/M^3) this means it is much heavier per cubic meter than many other materials. This section I will cover how this major disadvantage has been overcome by SpaceX Engineers.
[bookmark: _Toc71568469][bookmark: _Toc71909046]Raptor Engines
To build a large rocket with a higher density material you will need an engine with a greater amount of thrust to overcome the additional mass. SpaceX spent over a decade designing the Raptor engine for this reason. Starship will deploy 41 raptor engines total, 35 raptor engines on Super Heavy and 6 on Starship. Raptor engine currently offers double the amount of thrust for the same size engine used on Falcon 9 (Merlin). Raptor Engine uses liquid oxygen and methane as propellent, this burns clean compared to other fuel types and will ensure no build up of deposits while running further increasing its reusability and reducing the amount of maintenance needed between missions. (Nissenbaum, 2020)
Liquid oxygen is stored at cryogenic temperatures and as previously mentioned stainless steel becomes stronger at these temperatures. If the material has greater strength at lower temperatures SpaceX and its engineers will look to take advantage of this unique property by creating thinner walls for the fuel storage tanks as the greater strength will be able to withstand higher loads. By creating thinner walled fuel storage tanks will also create more room for fuel giving a favourable weight to propellant ratio. 
[bookmark: _Toc71568470][bookmark: _Toc71909047]Heat Shield / Heat Protection
Traditionally spacecrafts have been fitted with ceramic heat protection tiles. These tiles are essential to prevent space rocket burning up as they pass through Earths thick atmosphere, during this crucial part the rocket will experience drag and friction generating heat in excess of 1,600˚C which is far higher than the melting point of stainless steel. Previous spacecrafts such as the space shuttle used ceramic heat protection tiles would add excessive weight to the vehicle, the tiles on re-entry would also suffer significant damage and required replacing with costly and time-consuming maintenance periods. SpaceX aim to have a space rocket ready to launch shortly after landing would require something different. The switch to Stainless steel allowed them to rethink the heat protection system, due to stainless steels weldability meant they could weld stringers creating an outer and inner surface, liquid methane will flow between the layers on re-entry with the outer layer having micropores which will sweat liquid methane onto the surface cooling the underside on re-entry. This method is revolutionary and will allow full reusability of the spacecraft with minimal maintenance or time on the ground. The stringers will provide structural strength to the rocket helping support the load when vertical on the launch pad. By removing the need for heat protection tiles will significantly reduce the weight of the rocket, given that stainless steel has a high-density value, by removing the need for heat protection tiles further reduces the dry mass. (DeVerter, 2019)
[bookmark: _Toc71568471][bookmark: _Toc71909048]Material Processing
Since the 1960’s manufacturing processes have improved, cold rolling technology has developed and allows for stainless steel to be manufactured to extremely fine tolerances. Cold rolling is an extra process in the manufacturing stages where the material is passed through rollers at room temperature well below the recrystallisation phase. The material at cooler temperatures requires greater forces to deform the material, this deformation produces material with a higher strength to weight ratio, this process manufactures the material to fine tolerances with better surface finish increasing its resistance to corrosion. SpaceX will look to develop this further by cold rolling at cryogenic temperatures, thus further increasing the material strength and modulus of elasticity. The advantage of having a material with greater strength means that potentially less material will be needed to withstand the forces. Greater strength achieved through material processing will allow for less material and further reduce the overall mass. (McDowell, 2019)






[bookmark: _Toc71909049]Manufacturing with Stainless Steel
If SpaceX are to reach their target and intend to make the space travel common place, they need to dramatically reduce the cost of travel, every aspect of Starship is designed around cost drivers. This will only be achievable if they can produce efficiently on mass, they need to test and deliver fully reusable rockets at speeds previously unimaginable. 
The switch to using stainless steel allowed SpaceX to dramatically reduce the cost to build Starship prototypes, which in turn has allowed them to build larger quantities and faster, so much so they are able to test to failure. SpaceX sets out to build the rockets quickly, they test, collect data, modify, and retest. This methodology is known as the iterative design process, this basic principle allows them to continuously evolve the design and conduct physical tests of the conceptual design, this principle would not be possible if using expensive materials such as carbon composites and has little impact because of the low costs with using stainless steel. 
To build and manufacture Starship prototypes, SpaceX was forced to deploy its highly skilled engineers to develop machines to speed up the manufacturing process, Stainless steel sheets are welded in the open air of the Bocca Chia facility and have created a welding inspection machine further speeding up the process.
Gantt Chart
[image: ]
SpaceX efficiency and lean manufacturing methods has allowed them to build rockets within 72 hours, this would usually take several months or years. The material is purchased off the shelf and machines are capable of welding large sections quickly, these are erected on the launch pad in open air facility in Boca Chica, Texas. They are then tested for imperfections in the welding process. SpaceX has the capabilities to produce the whole launch vehicle under one roof so there are no time consuming and unreliable delivery times for components. After successful launch, rockets will be inspected for damage, repaired, and upgraded as necessary. It is cheaper to reuse the rocket after launch than to build a new after every successful launch. This is a sustainable way to use space rockets. The Gantt chart is showing the manufacturing process and typical time scales expected from the SN Prototypes. This quick and efficient process again lends itself to the material selection rapidly speeding up the process.






[bookmark: _Toc71909050]Conclusion
When designing space rockets designers usually favour strength to weight and mainly opt for lithium-based alloys for this reason. SpaceX engineers saw the potential in opting for stainless steel despite its far greater density value. This material selection offered them something different, its superior strength to temperature performance gave them a significant advantage and allowed them to cleverly engineer ingenious design features never been considered before, in doing so help reduce the overall mass. Stainless steel was used previously with success but with the development of lighter aluminium alloys, stainless steel was largely forgotten about. The cost and availability ensured ease of production and simplified the manufacturing process, low costs and rapid production meant that prototypes tested to failure provide accurate data further speeding up the development of Starship. 
Carbon fibre was the initial material chosen, this would have made Starship the first all carbon fibre rocket body ever produced, Carbon fibre has some incredible and unique properties of its own with superior strength to weight and high temperature tolerance by far outperforms any other material. Despite this carbon fibre has some drawbacks which ultimately influenced SpaceX decision to make the switch to stainless steel. One of the main disadvantages is the time-consuming process involved in producing carbon fibre sections this process involves bonding up to 120 layers. This is an example where current technology isn’t capable of matching the performance of the material at this time, I believe that one day the manufacturing capabilities will allow for large rocket sections will be produced but further advances will need to be made, SpaceX no longer had the time or resources to develop these processes. As always with engineering there must be compromises.
When Stainless steel was first used in the design of the Atlas rocket, stainless steel was the best engineers had at that time and the design had to meet the limitations of the material, in contrast to the production of Starship the material choice is provided many solutions, even reducing the weight. 
Other factors that influenced the material selection include the advances in manufacturing processes of stainless steel, cold rolling at cryogenic temperatures will enhance the material properties. This new method will ultimately increase the strength and ductility, the higher strength material will need less to withstand the same amount of force. SpaceX will experiment with this and I expect to see less stainless steel and a lighter rocket body as a result of this process. 
This Project highlights many of the issues faced in material engineering and how they are overcome using the materials properties, it also acknowledges how the material properties may influence the design.
References
DeVerter, W. (2019, March 5). Materials Science In Aerospace: SpaceX’s Starship & Common Materials. Retrieved from WI SPACE RACE: https://wisc.space/blog/materials-science-in-aerospace-spacexs-stainless-starship/
Gombosi, T. (1998). Physics of the Space Environment. Cambridge: Cambridge University Press.
Legar, L. (2018). Materials and Manufacturing. Florida: NASA.
McDowell, J. (2019, January 31). Cold-Formed Steel Plays a Role in the SpaceX Starhopper. Retrieved from THOMAS: https://www.thomasnet.com/insights/cold-formed-steel-plays-a-role-in-the-spacex-starhopper/
Nissenbaum, J. (2020, December 11). 5 Facts About the SpaceX Starship That Set It Apart from Other Rockets. Retrieved from THOMAS: https://www.thomasnet.com/insights/5-facts-about-the-spacex-starship-that-set-it-apart-from-other-rockets/
Rincon, P. (2020). What is Elon Musk's Starship? London: BBC Science.
Rock West. (2020, March 30). We Now Know Why SpaceX Abandoned Carbon Fiber. Retrieved from Rock West Composites: https://www.rockwestcomposites.com/blog/we-now-know-why-spacex-abandoned-carbon-fiber/
SpaceX. (2020, March). Starship User Guide. Retrieved from SpaceX.com: https://www.spacex.com/media/starship_users_guide_v1.pdf
Tribotecc. (2021). Stainless Steel: Properties, Production, Examples and Applications. Retrieved from Matmatch: https://matmatch.com/learn/material/stainless-steel







image3.jpeg




image4.png




image5.png
AutoSave ( Craig Nixon Petherbridge (1904036)

File Home Insert Draw Page Layout Formulas Data Review View Help 12 Share 2 Comments
BS14 ° 5 v
a ] c o 3 FG1Ld KILIMN O/ GRS T U VWX Y| 2 AMAEACACAEAACAK Al AJAKALANANACARAGAR ASATALAYAAxAYAZEABEBCELEEFBCE BIBJEKEL BM | BN | BO | B | 6O | BR | BS | BT | BU | BV | BW ||
1| Starship SN - 20
Spacex
s Project Start 20zt
. Displayweek: |1 May 2021 | MayT.2021 | May26202] | MaTL2021 | An7.2021 | nf2021 | un212021 | Jun28 2021
5] 10 1 2 o[ 1516 179 % 20 b K 6 % 6 B K6 8011 23 45 676 90N RO BB H 82K 68 kKb H T 23y
5 0 i o
Raptor Build
| Stership Rocket Body
| Assomble
| Pocke BochlFuel Tank 2021 220821 I
2| FocketModifications
s TEC TeC  TEC
w|  TEC TeC  TEC
2
— L1 e
ProjectSchedule | About | (3 « >
El B -—*& + 50%
- T i e = 20:20
e here to search =) AN DT e o & ENG
L Typ o = o




image1.png
Prifysgol Cymru
Y Drindod Dewi Sant

University of Wales
Trinity Saint David





image2.png
spPaACExX




