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[bookmark: _Toc531332431]Executive Summary 

The report investigates the different manufacturing methods used to create crankshafts, identifying advantage and limitations of the individual processes. For example: forging has a high-energy consumption costs, expensive tooling but has the ability to run high volumes. A billet process produces excess waste material and is suited to low volumes. Casting, forging and billet type crankshafts are the most common method of production; the type of manufacturing method used depends on the production volume, desired strength and durability as well as the project budget. In addition, there is a potential to 3D print sintered parts for the prototype stages, but there are limitations that must be considered which would prevent high volume production. Additionally, a further improvement would be to use rapid prototyping, which uses a CAD/CAM approach to tooling and manufacturing to reducing cycle time and manufacturing cost.    
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[bookmark: _Toc531332432]Introduction

A crankshaft is essential for transferring reciprocating motion of the piston into rotational movement; turning the flywheel, propeller shaft and the wheels of a vehicle will create a shear stress and bending moment in the crankshaft. 
A crankshaft can be strengthened using post heat treatment processes as well as improving quality of the designs to minimise flaws and the likelihood of failure. The type of engine will alter the design of the crankshaft. The two main types of crankshafts: ‘monolithic’ (single piece) and assembled (multi piece). Likewise, the metallic structure has been studied to identify which process produces the highest quality part.
A methodical and organised structure will be followed to evaluate the assignment objectives, identifying manufacturing and material selection processes, understanding the limitations and investigating potential improvements for current production methods. Also, this report will identify the cost implications of the different processes, quality control and assurance, health and safety and environmental considerations. 
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[bookmark: _Toc531332434]Crankshaft Design and Material Selection

The design (Figure 1), material and manufacturing selection for a crankshaft is critical for its lifespan and performance as well as its ability to withstand forces produced in a combustion chamber; transferring reciprocating forces through the piston, connecting rod and to the pin journals causing a bending moment and shear stress in the crank, Kane, (2017). To reduce the effects of these forces causing vibrations, adequate crankshaft counter weights, pin journal designs and balancing techniques are essential (Lorga, et al., 2012). To aid the designing of a crankshaft, CAD and FEA can be used to create virtual models to simulate a real-life situation. Post End
Main Journals
Pin Journals
Counter Weights
Flange End
Oil Seal
Figure 1: Crankshaft (Kinnan, 2014)



Redesigning a crankshaft can reduce its rotational mass, by selecting specific materials and refining its design for optimum functionality and durability, whilst minimising the cranks weight. (Huneycutt, 2004) and (Nave, 2018) suggests that minimising the amount of material at the outer edges of the crank will have the greatest affect to the rotational mass because less work and thus rotational kinetic energy will be required.  

The formula for KE (Appendix: Figure 2) infers the higher the crankshaft mass, the more energy will be required to increase its angular velocity. The angular momentum of the crank ‘depends on the mass distribution’ about its radius and is ‘proportional to moment of inertia’. The application of reducing a crankshafts mass will make it easier for the crank to rotate and thus the car to accelerate, providing a method for manufactures to improve a vehicles performance. Another advantage to reducing the amount of material used is to decrease the material costs and thus increasing profits for manufactures. 

A table (Appendix: Figure 3) has been crated to compare the different cast and forge materials. The tensile strength (‘maximum tensile stress before failure’) and elongation to failure (‘a measure of a materials ductility and is the amount of strain it can withstand before failure’) has been considered. The authors of (Cherukuri & Srinvasan, 2006), (Dulcich, 2005) and (Make It From, 2018) suggest that cast iron crankshafts have relatively similar tensile strength to forged, but are more brittle due to a weaker metallic structure. The most durable forged material (used for billet as well) is the 4340 steel, having an improved yield strength of 570MPa and 2% elongation over the standard 1045 steel. It is important to note that different materials have different molecular properties due to different chemical compositions. 

[bookmark: _Toc531332435]Considering Cost

The cost to manufacture a component will depend on material type and grade, manufacturing method (tooling); overhead costs (labour and use of an industrial unit), crankshaft sizes, duration of cycle times and if maintenance is required (Creese, 1999). Further cost implications will be considered in the manufacturing process section below. 

[bookmark: _Toc531332436]Manufacturing Methods

There are three main types of manufacturing methods according to (Fasciato & Shepard, 2004): one-off production, batch production and mass production; each have advantages and disadvantages that must be considered by a product designer. Firstly, one-off production is used for low volumes which are often seen in prototypes or custom-made components, which are generally labour intensive and relatively slow processes. The advantage to this process is that parts can be created to tight tolerances, high standards and easily altered if the design is changed. Secondly, batch production uses jigs, forms and templates to rapidly produce a specified quantity of ‘identical’ parts. Batches can vary in sizes and use specialist tooling to increase production speed. Finally, mass production produces identical parts continuously using tooling that is specially made for one job. The initial setup cost is expensive but the more products that are produced, the lower the cost per unit. This type of production requires close monitoring of tooling conditions and product quality (using CMM) as dimensions will vary between products. 



[bookmark: _Toc531332437]Manufacturing Processes

A crankshafts properties and behaviour can vary with different manufacturing methods, so it is essential that the correct manufacturing technique is used for the correct application. 

[bookmark: _Toc531332438]Casting

[bookmark: _GoBack]Casting is one of the least expensive mass manufacturing methods. Molten metal is poured into a sand mould to form a product that resembles the cranks final shape; minimising the post machining processes and thus increasing the number of parts that can be machined from the same tooling, reducing the manufacturing costs and increase profits. Likewise, the cast moulds have a relatively long lifespan when compared to forging which will further reduce the cost for manufactures (Mavrigian, 2018). 
The disadvantage of cast cranks is that they are naturally weaker due to the nature of the manufacturing process; where ‘porosities’ form in the mould which weaken its structure. Once casted, the material is not ‘homogenous’ and does not have a uniform grain structure (Miller, 2008); however, this does mean that it can withstand forces from various directions. A casting is less dense than a forged crank and is lighter for equal sized parts (Sathiyamoorthy & Caroline, 2012). The investigation into the materials used for casting suggest that the ‘tensile strength’ of a cast crank is less than that of a forged or billet crank and is more brittle. 

[bookmark: _Toc531332439]Forging

Plastic deformation is used to shape a crank between two dies (Pawar, et al., 2015). The forging process includes ‘heating to above 700 degrees C, pre-forming, forging, trimming; coining, heat treating and shot cleaning’. For more performance orientated engines that produce higher power outputs, a more durable crank and thus a higher tensile strength will be required. The forging process creates a grain structure (Figure 4) that will increase its strength. Figure 4: Grain structure of a forged crankshaft (Miller, 2008).

As an improvement, the crystal grain size of a forged crank can be reduced to increase its toughness and strength of the material by reducing the forging condition temperature. However, this will decrease the tooling life and increase the cost of manufacture as well as cause work hardening. On the other hand, there are other methods of refining the grain structure includes adding nitride and sulphide to the raw materials (Yamagata, 2005).

Supporting the work hardening theory, (Figure 5) shows that the highest stress occurs at the lowest deformation temperatures, recrystallization can be used to soften the material and restructure the grain. The higher forging temperature (bottom curve) where the material is more malleable, shows the softening that occurs to its structure making the forging process easier. Figure 5: Stress Strain curves and grain structure for varying deformation temperatures (Yamagata, 2005).

The disadvantage to forging is that the finished shape is less similar to the final crank, requiring more post machining than a cast crank (Allen, 2018). As technology progresses, designs and processes are improved. Forged cranks are being manufactured at much lower costs compared to the past; making this process more affordable for customers. 
There are two types of forging processes, twist and non-twist forging that are used to create cranks; both have their positives and negatives.

Twisted Forgings

This is the lowest cost of the two processes and is the most common method for original manufactures due to this reason. Twist Forging involves a twostep process. Firstly, the pins and counter weights are press/forged on one plane and secondly, the throws are ‘twisted’ and forged on a second plane. The angle of twist varies with crankshaft design but the principle stays the same. The limitation is a more complex process than non-twist forging and creates a weaker grain structure due to the twisting action. Furthermore, the advantage of this process is that it uses a less complex die set and has a longer tooling life (Dulcich, 2005). 

Non-Twist Forgings

Non-twist forging uses a single process to forge two planes at once, eliminating the need for a second operation to twist the crank, resulting in a reduced cycle time. The main advantage (Figure 4) is a ‘reduced internal stress’ as the grain flow is not affected as much. The disadvantage is expensive and complex tooling as well as more tool wear. This type of forging is mainly used for premium crankshafts that are manufactured in smaller volumes, such as engine builds for racing vehicles (Dulcich, 2005).  



[bookmark: _Toc531332440]Billet
Figure 6: Grain structure of a billet crankshaft (Miller, 2008).

Billet cranks are mostly used for high quality and performance applications as well as to produce prototypes. These types of cranks are machined from ‘high density’ stock material (Mavrigian, 2018) that contains a uniform grain structure shown in (Figure 6). The process includes: roughing, finishing, polishing and balancing. The main limitation to the billet process is the cost and cycle time that would be required for high volume production, so these are mostly used for one-offs. These can be designed in CAD and manufactured using CAM processes (CNC machines), to aid rapid prototyping which has a low setup cost. However, this process has higher cycle times when compared to casting and forging, leading to more cost in labour. The stock materials will initially cost more as well.   
According to (Dulcich, 2005) and supported by (Yamagata, 2005), billet cranks are work hardened during machining processes, but are still too weak to be used as a crankshaft. Therefore, a heat treatment process is required to improve surface hardness, toughness and strength as well as to extending its service life. The types of heat-treating processes are investigated further on in the report. Furthermore, there are other processes used to strength the crank, such as fillet rolling between the pins and webs to increase fatigue strength.   

[bookmark: _Toc531332441]3D Printing
Figure 7: Grain structure of a 3D printed part showing porosity (Molitch-Hou, 2017).

According to (Molitch-Hou, 2017), the most common form of metal fusion is ‘selective laser melting (SLM)’ and ‘electron beam manufacturing (EBM)’ where both methods fuse metal powders to generate a sintered part. An advantage over the billet process is that there is minimal excess material generated which would aid in reducing scrap materials. This process is limited due to the porosities (Figure 7) that occur in the printed material which weaken the part, caused by using ‘too much powder’ or having the intensity of the heat source is too low. This is similar to the small cavities that are formed when casting, but with 3D printing it is more difficult to eliminate the porosities. Likewise, the parts structure is weakened due to the frequent heating and cooling that occurs between layers. Also, often warping or cracking will occur and due to low quality surface finishes all printed crankshafts would require further post machining. To improve the surface finish and dimensional accuracy, thinner layers and ‘finer powders’ can be used but this will increase the cycle time and cost. Finally, the use of 3D printing would reduce the design to manufacture (prototyping) time and thus reducing further costs. As a recommendation, 3D printing can be used to complement the design process but not to be used for high volume production. For example: sand casting moulds can be sintered/additive manufactured enabling complex geometries and shape to be made. 
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Due to touching surfaces between the journals and liners, a crankshaft suffers from high surface stress, so surface hardening can be used to reduce wear. Equally, due to the forces exerted on the crankshaft heat treatment can be used to reduce fatigue. ‘Figure 5’ show the different methods used to strengthen a crankshaft. Figure 5: Improving a crankshafts strength (Yamagata, 2005).
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It is essential that quality control (product quality) and quality assurance (process quality) (Fasciato & Shepard, 2004) is integrated into the manufacturing of cranks to maintain high quality standards, reduce scrap parts and identify product failures. For example: using CMM to gauge at set intervals will monitor tooling condition and to see if journals and counterweights are correctly aligned, enabling correct balancing in the final manufacturing processes. Failure to identify out of specification forgings or castings can result in unusable parts being supplied to customers and thus decreasing their satisfaction. 

[bookmark: _Toc531332444]Health and Safety and Ethical Consideration

According to Section 3(1) of the ‘Management of Health and Safety at Work Regulation 1999’, it is the employers’ duty to conduct an adequate assessment of the risks and to use effective controls to show ‘due diligence’.  Casting and forging processes pose the highest risk to manufactures due to the extreme temperature, so safety measure should be put in place to minimise the risk of injury, such as: adequate employee training, effective machine guards and correct PPE (Health and Safety Executive, n.d.). Furthermore, designers must ensure that the design of the product will not fail or injure potential users.

[bookmark: _Toc531332445]Environmental Consideration 

There are multiple environmental legislations what should be adhered to by manufactures to control emissions and to reduce waste. For example: hazardous air pollutants from high temperature processes should be extracted safely and excess material should be recycled through primary, secondary and tertiary methods (Yamagata, 2005). Other solutions include: using ‘lead-free alloy’ materials.  


[bookmark: _Toc531332446]Conclusion

The assignment has investigated the design characteristics required for a crankshaft, including: lightweight, durability, surface hardness and product life cycle. It is important to remember that every crankshaft will have different design requirements, so an overview of the forces experienced by a crankshaft in an engine has been considered. Therefore, the designer must select an adequate manufacturing process, material selection and heat treatment.  
A comparison between casting, forging, billet and 3D printing processes was made to identify some of the important factors that will need to be considered.  For high volume manufacturing, casting and forging methods are best suited, due to the low cycle times and cost per unit. On the other hand, the most durable crankshaft type is a billet crank due to its uniform grain structure; the 4340 steel will possess the highest tensile strength and the use of Sulphur will increase the machinability properties. The billet process enables manufactures to easily make design changed, whereas instead casting and forging requires the production lines to be retooled.
A consideration was made for the use of 3D printing to shorten the product design and development cycle. This process would be adequate for the creation of prototypes that could be lightly studied, without putting extreme stresses on the crankshaft as the metallic structure of a sintered part would not have the strength of a cast, forged or billet crankshaft. Therefore, the current 3D printing technology can be used to complement other processes instead of using it as an alternative manufacturing method. 
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Figure 3: Material Comparison
‘Work rotational (J) = Torque, T (Nm) . Angular Displacement, θ (radians)’
‘KE rotational (J) = ½ . Mass, m (kg) . Angular Velocity2, ω2 (rads-1)’
‘Angular Momentum, L (kgm2s-s) = Moment of Inertia, I (kgm2) . Angular Velocity2, ω2 (rads-1)’

Figure 2: Crankshaft design formulas
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