






The materials and manufacturing processes used in the production of a bike sprocket and how they could be improved.
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Introduction 
[image: Image result for bike chain sprocket]This report discusses the materials and manufacturing processes used to produce bike sprockets and if and how they could be improved. This topic is dependent upon a lot of other factors such as the purpose of the bike, its retail price range and even where it is used (geographically and on the bike) can all have an impact on which material is used in its construction and by extension the manufacturing process used to make it. Bike sprockets are flat circular discs (usually made of metal) that look a bit like a cog but instead of being connected to another cog there is a chain that connects the two so that when one of the sprockets move so does the other.Figure 1 bike sprocket and chain (Fegelev, 2018)

This report will focus on the large sprocket from the rear cassette of a mid-range mountain bike sprocket, the main areas the chosen material will need to excel in are hardness, durability, density and price.
Background research
Bike sprockets are currently made from aluminium by using a process called blanking. They are made from aluminium because it is a light, durable material that is rust resistant. Stainless steel is also used because the raw materials required to produce it are readily available and easily manufactured into parts and economical. [footnoteRef:1] [1:  Any information on end consumers comes from personal experience working in the outdoor industry or from a mountain bike maintenance course I have completed ] 

Blanking is a process that produces parts from sheet metal this is done by driving a specifically shaped die through the sheet metal to produce the part. This process is used because it is very inexpensive to run due to low labour and tooling costs. Blanking is a process that is also very easily adapted to bulk production of parts. (Granta design limited, 2018)
Other methods such as plasma cutting and water jet cutting can also be used to produce sprockets, however, they are not as suitable for mass or bulk production. This is because of the length of time each method takes to produce one part. These processes are also more labour intensive which makes them less economic options when compared to processes such as blanking. (Granta design limited, 2018)
There are also other methods that could cope with the bulk/mass production element of the bike sprocket production such as gravity die casting however, this, doesn’t produce as tough of a part as blanking does.



Materials 
The three materials chosen for comparison are aluminium 2424 T3, nickel-titanium alloy, austenitic (Nitinol) and stainless steel, austenitic, BioDur 108, 30-40% cold worked (Granta design limited, 2018). These have been chosen because research indicates they are hard and tough enough to withstand the usage required by a sprocket. The research also identified that plastics and ceramics do not meet either the hardness or toughness required and would not be suitable for use as a sprocket.
In order to choose the three materials for comparison it was necessary to identify which properties would contribute to make a bike sprocket of the highest quality, these properties are;
· A high level of hardness to resist deformation caused by the tension and any added abrasives (dirt, grit etc) that may be picked up whilst in use. 
· A high level of toughness to resist cracking when large amounts of energy are put through the part suddenly while in use, for example when landing from jumps or from step down ledges. 
· A low price to either increase the profits for the company making the sprockets or to decrease the amount the end consumer has to pay for the part while still allowing the company to make a reasonable profit.
· Excellent durability in fresh water to ensure that when the bike is washed the part will not get damaged, absorb water or corrode. 
· A low density to reduce the amount of weight on the bike. A lighter bike will make it easier for the rider to ride uphill.
After identifying the properties required the two most important where identified as hardness and toughness. Now a graph could be created using the CES database showing the hardness and toughness of a huge amount of materials (Figure 1). [image: ]
Figure 2CES graph showing the hardness against toughness of assorted materials (Granta design limited, 2018)
The number of materials being displayed had to be reduced in order to do this a limit was placed on the database so that it would only show materials with;
· An excellent water durability rating 
· A Vickers hardness of more than 500HV
· A toughness of more than 30kJ/m2 
· A price of less than 1e5 GBP/m3
· And a density of less than 1e4 kg/m3 
[image: ]
Figure 3 first limit (Granta design limited, 2018)
The following graph shows the reduced number of materials (the grey areas did not meet all the criteria)[image: ]
Figure 4 Graph from figure one after the first set of limits were applied (Granta design limited, 2018)
Two materials were chosen from those remaining these were Stainless steel, austenitic, BioDur 108, 30-40% cold worked and Nickel-titanium alloy, austenitic (Nitinol), nitinol was chosen because it was the hardest and the toughest material remaining. Stainless steel was chosen as a contrast to the nitinol, the reason the other stainless steel materials that were tougher than the one chosen were rejected was that they were either much more expensive than the material chosen or they were much more dense and therefore would have produced a heavier part.
It was decided that there should be another material in the comparison to give a better contrast, however, in order to do that the limits first had to be lowered so that a more contrasting material would be shown. It was decided that the limits would be lowered to; 
· A hardness of over 200HV
· A toughness of over 20kJ/m2 
· And an excellent fresh water durability rating 
[image: ]
Figure 5 second limit (Granta design limited, 2018)
[image: ]This produced the graph shown in figure 5 from which the final material Aluminium 2424 T3 was chosen.Figure 6 The graph from figure one with the final limits applied (Granta design limited, 2018)

Comparison of materials 
Aluminium 2424 T3
Aluminium is the cheapest (by volume) of the three metals by £6480/m^3 compared to the stainless steel and £74030/m^3 compared to the Nitinol (averages were self-calculated). This is important to both the end consumer and the producer because the cheaper the part can be produced the cheaper it can be bought, or the more profit can be made from it.
The aluminium is also less than a half of the density of the next lowest density metal of the three (Nitinol) meaning that provided the parts were the exact same dimensions the aluminium part would be less than one half of the weight. This is important as a lighter bike will enable the rider to ride up a mountain easier, additionally a rider can get higher lift with any jumps.
Aluminium, however, has a hardness more than two and a half times less than the stainless steel and a little over a seventh that of the Nitinol at just 103-260HV (averages were self-calculated). This means that the bike sprocket would succumb to wear far quicker than either the Nitinol or the stainless steel. This is a problem because most end consumers of mid-range mountain bikes are not going to be changing their rear sprocket cassettes very often, so would prefer something that lasts longer even if it means using a lower performance (heavier) part.
Aluminium has an excellent fresh water durability rating this is important as most mountain bikers take reasonable care of their bikes for example after a day out riding most will wash their bikes usually by hosing them in fresh water and then leave them to air dry before putting them away for storage.
[bookmark: _Hlk514429253]Nickel-titanium alloy, austenitic (Nitinol)

Nitinol is the most expensive by volume of the three metals averaging out at £78750/m3 meaning the parts would have to retail at a far higher price to be as profitable as parts made from the other materials. This would mean higher prices for end consumers or lower profits for producers.
Nitinol is just as durable in fresh water with an excellent water durability rating. This is a benefit for the end consumer in that the water could damage a part that is less durable potentially causing it to rust making the part brittle to the point where a sudden jolt such as landing from a jump could cause a catastrophic failure of the part.
Nitinol has the second highest density of the three metals meaning it would produce the second heaviest part (provided they all had the same dimensions). This can be a benefit in that it will help to carry a higher amount of momentum down the hill whilst the rider isn’t pedalling, however, can also be a detriment in that the bike would be less agile and therefore harder to control on more technical tracks.
Nitinol is by far the hardest of the three metals with a Vickers hardness rating of 1230-1430HV making it the most resistant to wear. This would mean that the part would not have to be replaced anywhere near as often due to general wear and tear.
Austenitic steels are hardened by cold work. This is because they are not heat treatable however they are the most corrosion resistant steel because of their high chromium content. (Rethwisch. & Callister, 2011)
Stainless steel, austenitic, BioDur 108, 30-40% cold worked,
Stainless steel is far cheaper by volume than Nitinol averaging just under a seventh of the average price, however, is far more expensive than the aluminium coming in at over double the price. This means that the producer would not have to charge huge amounts to make a reasonable profit and that the consumer would not need to pay for a more expensive product. 
Stainless steel like the aluminium also has an excellent fresh water durability rating. This will also help with the wear on the sprocket because rust would be ground away far quicker than any of the three metals.
Stainless steel is the densest of the three materials weighing on average just under five metric tonnes more than the aluminium per cubic meter and is over one tonne per cubic meter More than the Nitinol. This means that the stainless steel has no benefit in this area compared to the Nitinol or to the aluminium.
Stainless is in the middle when it comes to hardness it is over two and a half times harder than the aluminium but only just over a third as hard as the Nitinol,  this is important because even though it isn’t as hard as the Nitinol it is hard enough to perform its function well.
All materials data was sourced from (Granta design limited, 2018)












Manufacturing processes 
Manufacturing processes are methods used in the production of a part/s
Blanking
[image: ]Blanking is a process where a shaped die is rammed through a sheet of metal that is clamped to a machine bed with a hole in it. The process relies on the shear fracture of the sheet material making it unsuitable for more ductile materials, it is also unsuitable for some harder materials due to the amount of force required to create a shear fracture in such a hard material (Granta design limited, 2018)
Blanking is a suitable manufacturing process for all three of the materials selected (Granta design limited, 2018)Figure 7 blanking process (Granta design limited, 2018)

Blanking is a good process for parts where tolerance is very important, even though it has a maximum tolerance of eight hundred micrometres it can be as can be as low as fifteen micrometres. (Granta design limited, 2018)
High speed blanking is the most economical way to produce the sprocket. This is beneficial for the same reason the cheaper material is because the less the producer spends manufacturing the part the less they have to sell it for while still making a reasonable profit. (HYDE industrial blade solutions, 2018)
Whereas other processes may be more economic for low volume runs due to the higher tooling and capital cost of blanking, for mass production blanking is more cost effective due to lower running costs (where both energy and tooling costs are considered). (HYDE industrial blade solutions, 2018)
 The problems with blanking are that it has a low range of section thickness because the thicker the material the more force is needed to push through it and cause the shear fracture that releases it from the sheet material and that the lubricants and cutting fluids used can be environmentally harmful. (Granta design limited, 2018)
Blanking is a secondary process meaning that the material has to be machined into a flat sheet before it can go through the blanking process, it, is also the process that requires the most post process machining to remove the burrs. (Groover, 2013, pp. 399,400,401,402)
The labour intensity in all three of the processes are low this would be an added benefit looking to the future as more and more manufacturing processes become fully automated. (Granta design limited, 2018)  





Abrasive water jet cutting 
[image: ]Abrasive water jet cutting is a process by which water is pumped at up to 400MPa through a sapphire nozzle which has a diameter of 0.1-0.3mm. Meanwhile an abrasive grit such as garnet is being fed into the water jet. The water and grit mixture are then fired out of the nozzle at up to 850m/s that’s roughly two and a half times the speed of sound. This gives abrasive waterjet cutting the ability to cut through most materials the thickness of material able to be cut, however, depends on the hardness of the materials.
Abrasive waterjet cutting is the most economically efficient of the three processes for small production runs because there is no new tooling required the only thing that would change is the dimensions for example on the CAD file the machine is running from. This also makes it the best process of the three chosen for prototyping.Abrasive water jet cutting also has a lower relative equipment cost than blanking or die pressing and sintering.Figure 8 abrasive water jet cutting (Granta design limited, 2018)

Abrasive waterjet cutting has a much lower maximum tolerance than blanking at just five hundred micrometres, however, it has a much higher minimum tolerance. this means that although blanking has a much lower minimum tolerance on average the abrasive water jet cutter has the lower tolerance. A decision between the processes would depend on how high of a tolerance the machines had been set to or the die been shaped within, this can be a trade off with speed of manufacture.
Like blanking abrasive water jet cutting is also a secondary shaping process this means that the material has to be pre-shaped before the process can begin this would come at an additional cost to the manufacturer of the part to either buy the material pre shaped or to shape it themselves.
In most ways abrasive water jet cutting has no effect on the environment because there is no dust produced, fire hazards caused, or harmful or toxic chemicals used in the process, however, it does create a large amount of noise that exceeds the guidelines of the Occupational Safety and Health Administration. This means ear protection must be worn at all times while the machine is running 


[image: ]Die pressing and sintering 
In die pressing and sintering first the material powder (usually metal or ceramic) is poured into a die and then the die is put under a high pressure temporarily binding the powder together this is called a green. The material is then sintered. The green is transferred into a furnace where it is heated in a controlled atmosphere to just below its melting point this allows the surfaces of the particles to bond together.[footnoteRef:2]  [2:  Figure 10 was originally found in a book (Groover, 2013, p. 308) however it is not possible to copy an image from a book into this report so it was also found elsewhere (Mechscience.com, 2018) which is where the image came from.] 
Figure 9 Die pressing an sintering (Granta design limited, 2018)

[image: http://www.mechscience.com/wp-content/uploads/2016/12/clip_image002-3.gif]Due to the highly abrasive materials steel or tungsten carbide dies are used which makes them very expensive. The capital cost is also much higher than the other processes at between five hundred thousand and two million GBP. however, die pressing and sintering has the highest material utilisation factor of the three processes chosen and the highest rate of production. This means that although the capital cost is very high in comparison, the process (provided the product sells would be able to pay for itself faster than blanking or abrasive water jet cutting.Figure 10 sintering process on a molecular scale (Mechscience.com, 2018)


Die pressing and sintering also has the same tolerance as the abrasive water jet cutting, which means it also averages a lower tolerance than the blanking but could still have a higher tolerance depending on the blanking machine.
Die pressing and sintering has the lowest range of section thickness of all three materials at between one and a half and eight millimetres. This could cause problems when trying to create larger parts however the bike sprocket are well within those parameters so that shouldn’t cause an issue in this case.
Die pressing and sintering is a primary production process which means that the material doesn’t have to go through a process before this one. Die press and sintered parts also require less post process machining than blanking.
Die pressing and sintering, however, is not the best process in terms of its impact on the environment due to the burn off of Zn-stearate gasses which are toxic and the some of the powders being pyrophoric this could be a problem in two ways, firstly, the majority of mountain bikers are environmentally aware and if it became known that the manufacturers of certain bike sprockets were releasing toxic fumes into the atmosphere during manufacturing, they may not consider buying another manufactured in this way. It would also cause a problem as the government are starting to      
impose tougher regulations on manufacturers with regards to their impact on the environment (UK Government, 2018).





























Conclusion
In conclusion the Nitinol would be the most applicable material of the three for the sprocket. Nitinol is extremely hard and tough compared to the aluminium and the stainless steel, which would result in a much longer lasting part (excluding other factors crashes, intentional damage etc), and, although it is much more dense than the aluminium it is still less dense than the stainless steel. Therefore, the Nitinol provides the best solution to the problem, however, due to the large difference in price between the stainless steel and the Nitinol the added benefits of the Nitinol do not account for the increased cost of material.
Although die pressing and sintering is better in multiple ways than the other two processes it is very expensive in terms of capital cost additionally the parts it produces are not as hard as those made from sheet metal. Out of the other two processes the blanking is a much better process provided it is only being used for bulk or mass production because it is faster and cheaper per unit, however, if the process was to complete small production runs or one off prototypes then the abrasive water jet cutting would be a better method of manufacture. Based on this research it is considered that blanking is the best manufacturing process for the mass production of a large mid-range mountain bike sprocket.
Please note that some spellings in the (Granta design limited, 2018) source may be different to how they appear here in the report, this is just due to the conversion from American English to United Kingdom English.

















Refrences
Fegelev, 2018. https://gifer.com/en/4bCm. [Online] 
Available at: https://gifer.com/en/4bCm
[Accessed 22 May 2018].
Granta design limited, 2018. CES Edupack 2018, Cambridge: Granta design limited .
Groover, M. P., 2013. Sheet metalworking- cutting operations. In: Principles of modern manufacturing fifth edition. Singapore: John Wiley and Sons Singapore Pte. Ltd, pp. 399,400,401,402.
HYDE industrial blade solutions, 2018. High speed blanking. [Online] 
[Accessed 21 05 2018].
Mechscience.com, 2018. Mechscience.com-Sintering | Isostatic Pressing | Secondary Operations of Powder Metallurgy. [Online] 
Available at: http://www.mechscience.com/sintering-isostatic-pressing-secondary-operations-of-powder-metallurgy/
[Accessed 21 May 2018].
Rethwisch., D. G. & Callister, W. D., 2011. Stainless steels. In: Materials science and engineering eighth eddition. Singapore: John Wiley and Sons (Asia) Pte Ltd, p. 399.
UK Government, 2018. s.l.:UK government.


2

image3.png
¥ Untitled - CES EduPack 2018 - [Stage 4: Limit]

B Fie Edt View Select Tools Window FeatureRequest Help
num‘ Browse 7] Search 1y Chartselect | | Ecoudit &5 [l teom T oot -
Selection Project W rove  [Fstager [ stage 4
1.Selection Data -
Limit 4
Datobase: Level3
Select frc |MaterialUniverse: All materials v SEOE oy &
7 Suectons Voung's modulus
7] Chart (=5 timit 58 Tree Specifictfness

] Stage 1: Hardness - Vickers (V) vs. Toughness () (0/m*2)
5 Stage 2: Hardness - Vickers, Toughness (G), Water (fresh)
5! Stage 3: Price per unit volume, Density

= stage 4 Limit

Vield strength (elasic limit)
Tensile strength
Specific strength

Elongation

3. Results: 226 of 3985 pass
Show:  |passal Stages

Rankby: |Aphabetical

Compressive strength

Flexural modulus

B Auminum, 2424, T3

B Aluminum, 7040, T7451

W Auminum, 7475, Tes1
Chromium-ickel aloy, S0C—48Nr-
B Chromium-nickel alloy, S0Cr-50N;,
Il Coated steel, stainless steel, tern.
B Cobalt-base-superaloy, multphas.
B Cobaltbase-superalloy, UMCo-50
Cobaltbase-superaloy, LUMCo-50.
B Copper-berylium alloy, CuBe2, C1.
Copper-berylium aloy, CuBe2, CL.
B Copper-nickel alloy, C72650, hard.
W cu-2%TiB2, mixalloy process

B ron-base-superaloy, Cr-Ni alloy,
B ickel, Durarickel Alloy 301, anne.
Nickel,Permarickel Aoy 300, ann.
B Nickel-chromium alloy, HASTELLOY.
B Nickel-chromium alloy, INCONEL 6.
B Nickel-chromium alloy, INCONEL 6.
B hickel-chromium aloy, INCONEL 7.
Nickel-chromium aloy, INCONEL 7.
B hickel-chromium aloy, INCONEL 7.
Nickel-chromium aloy, INCONEL 7.
B Nickel-chromium alloy, INCONEL X.
B Nickel-chromium alloy, INCONEL X.
B ickel-chromium alloy, N800, an.
B Nickel-chromium aloy, NICHROME.
Nickel-chromium aloy, NIMONIC 7.
B ickel-chromium aloy, NIMONIC 8.
B ickel-chromium aloy, NIMONIC 8.

BE Neme "

Flexural strength (modulusof rupture)
Shear modulus

Bulk modulus

Poisson's atio

Shape factor

Hardness - Vickers

Elastic sored energy (springs)
Fatigue srength at 107 cycles

~ Impact & fracture properties.

Fracture toughness
Toughness (6)

» Thermal properties

» Hectrical properties

+ Magnetic properties

» Optica, aesthetic and acoustic properties
» Crtical materias risk

> Processing properties

~ Durabilty
Water (fresh)

Water (sal)

B Nickelcopper loy, MONEL R0 .

Weak acids

L sctings @ Help +

™ ® & EEEEEE

Aluminum, 2424, T3 Aluminum, 7040, T7451

Minimum

Masimum

Aluminum, 7475, T651

P
Mg
e
e
kg
%stain
e

P

e

P

GPa

W/m?3
MPa

MPam0s

W/m?2

Excellent

- 8%

Cobalt-base-superaloy..

Video Tutorisls P





image4.png
Nickeltitanium alloy, austenitic

Toughness (G) (kJ/m*2)

BioDur 108, 30-40% cold worked

Stainless stesl, austeniti

(AH) S19)9IA - ssaupleq

10004




image5.png
¥ Untitled - CES EduPack 2018 - [Stage 2: Hardness - Vickers, Toughness (G), Water (fresh)] - X

[ File Edit View Select Tools Window FeatureRequest Help e
A vome | 22 bromse 39 s |4 st | W o a5 il Leom T Tooks - | 8 sttings @) et -
Selection Project *I| #Home [#)stager [ stage2 Aluminum, 2424, T3 Aluminum, 7040, T7451 Aluminum, 7475, Té51
1. Selection Data -
Hardness - Vickers, Toughness (G), Water (fresh) £
Database: Level3
Selct from: [MateralUrverse: Allmaterias V]| L | e Cexr - syl
2 Selection Stages & Yield strength (elastic limit) =] mpa
Chart [ Limit 58 Tree
Z Tensile strength =] mpa
] Stage 1: Hardness - Vickers (HV) vs. Toughness () (/m*2) =
I tage 2: Horcness - Vickers, Toughness (G), Water (fresh) Specific strength = Nm/kg
Elongation =) % strain
Compressive strength =) mpa
AP TS Fleaural modulus =) s
Show: [pass ol Stages ||| Flexural strength (modulus of rupture) =) mpa
Rarkby: | Aphabetcal ]| | shear moduius =) s
B8 Name ~] || Buikemoduius =) s
B Amino sicate lextel 720, 45V - B ]
B Auminum, 2424, T3 e
B Auminum, 7090, T7351 Shape factor l=]
Aumium, 7475, T651 Hardness - Vickers 1] [200 HY
B Chromium-nickel aloy, SOCr-48hi- =
B Chromum-rickel aloy, 50Cr-50N, Elstic stored energy (springs) = W/m?3
B Costed tee, tariess stee e .
Cabalt, commercial purity >39.3 ~ Impact & fracture properties
B Cobatbase-superaloy, CCM, an. . -
Cobaltbase-superaloy, CCM, an. Minimum Mesimur
Il Cobalt-base-superalloy, CCM, hot. Fracture toughness MPam”0.5
B Cobaltbase-superaloy, €M, ho. P — m 8

B Cobatbase-superaloy, CCM, wa.
B Cobaltbase-superaloy, Elgioy/Ph.
Cobalt-base superaloy, HATNES

B Cobaltbase-superalloy, HAYNES

B Cobaltbase-superaloy, HS 185, .
B Cobaitbase-superaloy, L60S, sol.
B Cobatbase-superalloy, MARM 3.
Coblt-base-superaloy, MAR-H 5
B Cobalt-base-superaloy, mutphas.
Cobt-base-superaloy, muitphas.
B Cobaltbase-superalloy, UMCo-50
B Cobalt-base-superalloy, UMCo-50.
B Cobaltbase-superaloy, WI-52, cast
W Cobait-base-superaloy, X-40, cast
Cobalt-base-superaloy, HgioyPh
B Cobatbased-superaloy, CCM, cast
B Copper-berylium alloy, CuBe2, C1.

B Copper-beryium oy, ute2, C1. .

» Thermal properties
» Blectrical properties
» Magnetic properties

» Optical, aesthetic and acoustic properties

» Crtical materias risk
> Processing properties
~ Durabilty

Water (fresh)

Water (salt)

Wesk acids

Strong acids

Excellent





image6.png
g

Hardness - Vickers (HV)
g

100
Toughness (G) (kJ/m*2)




image7.png
Blanking

Pressure
pad





image8.png
Water Abrasive
from reservoir

Mixing
chamber

~—  Abrasive water jet




image9.png
¢
&

e .




image10.gif
Point

e

00 Q.

8 @ (€] @

Grain
boundary

Necks Pores T





image1.gif
@ Friodrich A. Lohmiill

2010





image2.png
Hardness - Vickers (HV)

Tes o1 Tes Tes et 0001 0ot o

T
Toughness (G) (kJ/m*2)




