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[bookmark: _Toc507506240]Introduction
[bookmark: _Toc507506241]Aims
The report aims to find the most appropriate material and manufacturing process to produce large batches of bicycle gears on the rear cassette of a gearing system. It will do so by assessing three different processes for manufacture and then researching appropriate materials for the gear to be made from. The material will be selected based on favoured properties and suitability with the final selected processes 
[bookmark: _Toc507506242]Objectives
The final process will be decided on by comparing any potential pros and cons that are discovered within the background research. From there CES can be used to rigidly test these processes given the assumed requirements by the manufacturer. At the same time, a material will be found that suits the process and requirements of such a gear. 



[bookmark: _Toc507506243]Background Research
[bookmark: _Toc507506244]Process Outline and Material Requirements
There is a multitude of processes for the manufacturing of gears including; Casting, Metal removal, Injection moulding, Gear rolling, Forging, Powder metallurgy processing and more beyond. This report will be focusing on 3 those being, casting, forging and powder injection moulding. These processes were chosen as they are suited to create gears that have low wear and power transmission requirements
[bookmark: _Toc507506245]Sand Casting
Sand casting is usually used to make blanks for gears that will have cut teeth, meaning that once the gear is cast further machining will be required (Davis, 2005). There are several forms of sand casting, each with their own advantages, three of which have been researched.
In general, all types of sand casting have the same steps to completion. A pattern is made of the shape that is to be cast. The pattern is surrounded by bottom half of the mould, a compound is sprinkled on the pattern to ease separation upon completion. The sand is tightly packed, and the feeding system that delivers the metal is formed in the top half of the mould. The pattern is then removed, the metal is poured and will eventually solidify.
Green Sand Casting
In Green Sand Casting, sand and clay are combined and compacted around a pattern that is shaped to the cast (CES Edupak, 2016). Initially being a slow and labour-intensive process, modern industry uses automated systems that have aluminium patterns and automated compaction. It is referred to as “green” because it is used in a moist condition and is the cheapest form of sand casting.
CO2 Sand Casting
Sand and a sodium silicate binder are packed as before (CES Edupak, 2016), but the chamber is flooded with CO2 to seal the sodium silicate. This method allows the mould to be reused in theory, but practically the mould deteriorates far too quickly.
Shell Casting
Fine-grained sand and a thermosetting resin are applied to an aluminium or cast-iron pattern, which is cured to form a shell (CES Edupak, 2016). Two matching shells are created and then combined to create the final mould. This is then placed in a frame that is packed with sand. This process offers a greater dimensional accuracy, (Davis, 2013) which can reduce the amount of machining after casting, as well as offering smoother surfaces when compared to other forms of casting.


[bookmark: _Toc507506246]Forging
Forging creates gears by squeezing an ingot into shape using dies that subject it to large plastic deformation (CES Edupak, 2016).
Forging initially created a similar product to casting, making blanks that would need to be machined into the final product, but significant advancements in the last 40 years (Davis, 2013) have allowed for gears to be created with little or no machine work required.
Forging can be closed-die or open-die, each with their own advantages. 
High Energy Rate Forging
This method is a closed-die process that can be run hot or cold. The metal is deformed at high velocities and usually attains the final configuration in one blow. The velocity of the ram generates much of the forging force, rather than its mass.
This method can forge gears from several alloys and metals, including some heat-resistant alloys.
Precision Forging
Precision forging isn’t a specific process but refers to an approach to forging. That being to produce a “net” shape, meaning that no further machining or finishing is required (T. Russell and L. Danis ,1974). Essentially it involves a high attention to tolerances when creating the cast die, which has been aided hugely with the recent advances in CAD/CAM techniques (Davis, 2013).
[bookmark: _Toc507506247]Powder Injection Moulding
The process creates gears by mixing a metal or ceramic powder with a thermoplastic binder which is then injected under pressure into heated moulds. It then solidifies under the pressure 
Injection moulding classically creates plastic components but, by combining the plastic with powdered metal some of the limitations of a plastic gear can be averted (J.G. Bralla ,1986), this is typically an expensive way of producing gears this can be mitigated, provided the quantity of manufactured parts is very high.



[bookmark: _Toc507506248]Material Requirements
A gear should generally have the following material properties (J.G. Bralla,1986):
· Sufficient strength for power output 
· Good level of machinability if process requires  
· Resistance to corrosion 
· Lightweight 
· Temperature resistance 
· Natural lubricity / compatible with lubricants 
· Low cost 

[bookmark: _Toc507506249]Process Comparison
The various processes discussed have clear pros and cons when it comes to gear production.
Sand casting stands out as it’s the cheapest method, however when compared to any other manufacturing method they have the lowest levels of quality within the AGMA standard (Davis, J. ,2013).
CO2 and shell casting have the same drawbacks whilst adding to manufacture cost, with shell casting having the possible advantage of a high-quality product, with the potential to claw back costs with significantly less machining required. Casting via any method tends to be favourable for small batches, which is not favourable, especially when compared to the mass production that can be achieved with either forging or injection moulding.
Forging stands out as its key advantage is that the moulds can be precise enough to ensure that no further machining is required when coupled with much better mechanical properties and a greater batch size, it initially seems to be a more viable option than any form of casting, despite a greater production cost.
Powder injection moulding shares the advantage of being precise enough that further machining is not required. It also produces components at a much faster speed than Casting or Forging, with its key drawback being the level of cost.
Given these initial comparisons it could be assumed that Forging would be the best option going forward, however, selections will only be final once suitability has been determined in a more in-depth fashion, utilising CES.


[bookmark: _Toc507506250]Process and Material Comparison Via CES
[bookmark: _Toc501562523]The first stage through CES (Figure 1) uses a limit stage to determine whether the three processes described above can manufacture the Gear with the required shape and appropriate characteristics. All three processes pass this initial check, evidenced in Figure 2.
The second stage through CES (Figure 3) uses a tree to determine whether the selected processes are capable of manufacturing with the prospective materials. All three processes pass this check, evidenced in Figure 4.
With these initial checks complete, CES is then used to directly compare each of the prospective processes.
Figure 5 is a graph of the cost of production vs rate of production. It’s clear that whilst sand casting is by far the cheapest method when making a single gear, it can not compete with either forging or injection moulding when it comes to mass production. There’s significant overlap between forging and injection moulding here, given that figure 5 is a show of the averages.
Tooling cost is the amount of capital required to get the pre-requisites to start production, in these cases, it essentially amounts to the amount of money to create the moulds from the gear design. Figure 6 shows that sand casting costs exponentially less comparatively and that forging, and injection moulding can be comparable.
Economic batch size, again represents how quickly new stock can be manufactured. Figure 7 represents this, and we see here that sand casting is the smallest by a large margin, and that injection moulding is the biggest by at least 2 orders of magnitude. Forging can keep up with injection moulding in the mid-end but is far surpassed if very large quantities are required.
Labour intensity is significantly higher in sand casting (Figure 8), whilst forging and injection moulding are very similar. This might affect total spend as a more labour-intensive method will likely require more workers and/or supervision.
Material Castability was a factor used in determining the most suitable material to use if sand casting was the final process chosen. Figure 9 shows this and shows that an aluminium alloy would be by far the easiest to manipulate in a casting process. Followed by stainless steel. High and medium carbon steels are just as easily cast, with low carbon steels being slightly harder.

Material density is used to infer which material would result in the lowest weight gear. A cast aluminium alloy would provide the lowest weight gear (Figure 10) and all prospective steels would have a negligible difference in weight.
Material cost is very similar for all considerations of steel, and any would be approximately 1.5x cheaper than utilising a cast aluminium alloy (Figure 11).
Formability shows the relative ease in which the gear could be made if forging or injection moulding were to be chosen. The carbon steels all share identical values here, whilst Cast aluminium alloys and stainless steel also share the same values.

Figure 1 – Limit Stage, First Pass
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[bookmark: _Toc501562524]Figure 2 – Limit Stage, Results
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[bookmark: _Toc501562525]Figure 3 – Tree Stage, Second Pass
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Figure 4 – Tree Stage, Results
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[bookmark: _Toc501562544]Figure 5 – Capital Cost Vs Production Rate
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Figure 6 – Tooling Cost
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[bookmark: _Toc501562546]Figure 7 – Economic Batch Size
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Figure 8 – Capital Cost Vs Labour Intensity
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Figure 9 – Material Castability
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Figure 10 – Material Density
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Figure 11 – Material Cost
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Figure 12 – Material Formability
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[bookmark: _Toc507506251]Analysis (Selections) & Conclusion
[bookmark: _Toc507506252]Analysis
There are several conclusions we can draw from the CES data to guide the selection choice. Perhaps most important is simply the capital required to run these processes. Sand casting is demonstrably the cheapest, exponentially lower in both tooling costs and when comparing production rate to the cost of production. However, given the extremely low rate of production, sand casting is unsuitable for the presumed mass manufacture intent. It’s for this reason that sand casting will not be used.
Forging and injection moulding had significant overlap when it came to all tests of the price. When forging is at its most efficient, the gap in production rate with injection moulding can be cut significantly. If a material with a high formability, a carbon steel for example, were to be used along with very precise manufacture this could be achieved. This is further supported by the results found when comparing economic batch size, forging at its most efficient just manages to equal the minimum capable of injection moulding. It is however clear, that injection moulding is capable of economic batch sizes 2 orders of magnitude higher than forging at its peak.
Labour costs are largely irrelevant considering the elimination of sand casting as an option and the incredibly close values for the remaining two options.
Given the criteria, forging appears to be the most appropriate selection. Despite being unable to properly rival injection moulding in production rate, significantly less capital is required for the pre-requisite tools and in the manufacturing of the gear. For those reasons, the material will be selected based on forging being our manufacture process.
The material is chosen based on the now three relevant factors, cost, density, and formability. In terms of cost, all considered versions of steel are roughly 50% cheaper than an aluminium alloy, an incredibly significant difference where mass production is concerned, making steel a likely candidate over aluminium alloys. 
Aluminium alloys do however draw a key advantage, they’re much less dense than any of the applicable variants of steel. This makes for a much lighter product, something ideal, especially when concerned with bicycles.
Finally, formability. This being a key factor in the selection of the manufacturing process, it’s necessary for the material to do well here. It’s shown that the carbon steels score highest in this respect, another reason for selecting a carbon steel.
Given these factors, it’s clear that despite an aluminium alloy delivering what would likely be the best product, it’s near impossible to overlook a massive 50% saving on material cost and a much better formability that is offered by the carbon steels. The only question that remains is whether to use a low, medium or high carbon steel. Given that a medium carbon steel offers the lowest density of these, it is clearly the most appropriate material when used in tandem with forging and will be the material used in production.
[bookmark: _Toc507506253]Conclusions
The report set out to find the most appropriate process and material to be used in the manufacturing of a large gear of a rear cassette of a gearing system. It found that Forging was the best process along with medium carbon steel being the best material due to many factors, including price, production, quality of component ETC.
The report has discussed the various pros and cons of potential processes and outlined the required material properties to make a good gear.
The report has been aided using CES Edupack, which has been utilized largely to generate graphs to compare prospective processes and materials.
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