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[bookmark: _Toc61272461]Introduction
In motorsports, adaptability and reliability is key to success. Playing a very important role in the mobility of the vehicle are the drive shafts, where they are the final transfer of torque from the differential/gearbox to the wheels. This explains why many companies have been developing and designing new drive shafts over the years to fulfil the needs of high torque loads whilst avoiding gaining mass. 
This report will briefly discuss the components importance before moving on to the material and manufacturing process of the drive shafts which covers the material properties, heat treatment and how the splines are cut into the shaft to fit the hub and differential, or the CV joints. From here, the causes of failure are examined. The causes of failure are not only related to power output but can be a result of many different contributing factors when a car is modified for motorsport purposes. 
Failure investigation will be conducted by analysing different case studies of failed drive shafts. The two case studies contain two different mechanisms of material failure revolving around the drive shaft, these will be examined along with extensive research as to why these failures occurred and what is the evidence to conclude the findings. This section will include FEA analysis on the failed component giving a good understanding as to where the main stress region of the component occurs. 
The final part of the report is to provide design and manufacturing suggestions that will possibly prevent the failures from happening again. Recommendations made by motorsport companies in the industry will also be discussed with reasoning as to why they suggest their products. 








[bookmark: _Toc61272462]Drive Shafts
The drive shaft is the mechanical component of the transmission that transfers the power of the engine and the differential into the wheels. There are different types of drive shafts in the automotive and motorsport industry which can vary from vehicle to vehicle depending on the application, 
· One-piece drive shaft
· Two-piece drive shaft
· Slip in tube drive shaft
All the above drive shafts are carriers of a certain amount of torque, this puts them under a significant amount of torsion and shear stress which is equivalent to the input torque and loads. They must therefore be strong enough to withstand these loads without being to heavy as this would increase their inertia (Mandloi, 2013). 
Front wheel drive cars are mostly fitted with the CV joints on each end of the drive shafts because of the steering and suspension, this allows the engine to power the wheels while the driver turns the steering and, if need be, the suspension can compress or extend. This causes the drive shaft to be put under bending and torsional stress due to which fatigue and fractural failures may occur (Glucker, 2018). Even though the CV joints are connected to the hub and differential, the torque is transmitted through splines on the end of the drive shaft that slot into the CV joints. Since 1926 when Alfred Hans Repla first came up with the idea of CV joints and then improved the design 10 years later, the design has not changed much but what has changed is the maintenance and materials used (Nice, 2009).  
These type of drive shafts can also be found on four wheel drive and rear wheel drive cars where the rear differential is fixed to the chassis and both rear wheels are independently suspended. The difference is that the CV joints on the rear of a car would usually be tripod CV joints, allowing for suspension travel but no steering (Guimaraes, 2015). 
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[bookmark: _Toc61272483]Figure 1 - Diagram of a fitted drive shaft from the gearbox into the hub (A. V. Guimaraes, 2015)


[bookmark: _Toc61272463]Material and Manufacturing Process
The material used for automotive drive shafts is usually SAE 1039 steel, which is a high grade steel which has excellent machinability, hence why it is used for this purpose (Palazzolo, 2009). This material is a carbon (non-alloy) steel containing up to 0.4% silicon and 1.2% manganese. Present in these types of steels are elements such as copper, chromium, and nickel (AZoM, 2012). The material’s properties are listed in the table below.
Table 1 - Material properties of SAE 1039 carbon steel (Azom.com, 2012)
	Properties
	Metric Values

	Tensile, Ultimate
	605 Mpa

	Tensile, Yield
	510 Mpa

	Modulus of elasticity
	200 Gpa

	Bulk Modulus
	140 Gpa

	Shear Modulus
	80 Gpa

	Elongation Break
	12%

	Reduction of area
	35%

	Poissons ratio
	0.28

	Hardness, Brinell
	179

	Thermal conductivity
	50.7 W/mK   Temp 100˚C 



The shafts are forged, and then heat treated with induction coils which quickly draws the shafts through an electromagnetic coil. A consequence of this is the shaft is heated and quenched in a controlled fashion to harden the surface whilst its centre remains relatively soft, maintaining its ductility. OEM drive shafts are usually hardened to a depth of 2.5 to 3 mm, maintaining the toughness and ductility of the softer core (Palazzolo, 2009). 
[image: ][image: ]








[bookmark: _Toc61272484]Figure 2 - Middle piece of the shaft sectioned for hardness test, where the dimple was created to verify this (Palazzolo, 2009)

[bookmark: _Toc61272485]Figure 3 - The spline end of the half shaft, sectioned to verify the hardness (Palazzolo, 2009)

[bookmark: _Toc61272464]Spline Construction
The splines on a drive shaft are of a very important significance as it is the part of the shaft that transmits the torque from the gearbox to the wheels. Most road going drive shafts have 45 degree pressure angle splines and the number of splines is dependent on the size of the differential and hub assembly inputs. This has a great effect on the strength and ability of the drive shaft because, as Ansell (2004) states, the larger the diameter of shaft the stronger it is due to less twist, hence why motorsport shafts are usually bigger in diameter (Ansell, 2004).  
OEM drive shafts have the splines cut into the shaft before machining, this creates stress risers in the shaft and can make them up to 30% weaker than forged splines. Another important parameter of the spline cutting process is the length of spline engagement. This is the amount of shaft inserted into the joint or differential, which is known to be around 25 mm in a road going vehicle. This will affect how the shaft twists during harsh operations such as wide open throttle launch and wheel hop (Palazzolo, 2009). Figure 5 is an example of how splines are formed on the end of the shafts, where the rolling dies are gradually pressed forming the splines by pressure. This method requires machining before the finish product whereas forging requires hardly any further work (Davis, 2013).   
[image: BillaVista.com-Axleshaft Tech Article by BillaVista][image: Spline Rolling Machine - Profiroll Technologies][bookmark: _Toc61272486]Figure 4 - Involute vs Straight cut spline (Billavista.com, 2020)

[bookmark: _Toc61272487]Figure 5 - Forming of splines (Profiroll Technologies, 2019)

Figure 4 above is an example of two different styles of splines that can be found on drive shaft ends where a straight cut profile shafts have less splines therefore are cut at a larger distance (Palazzolo, 2009). The involute splines, as there are more of them, are known to be a better solution as the load is distributed more evenly along the sides of the teeth which provides a longer fatigue life versus a straight cut spline. This allows for more torque as they have a smooth transitional radius, also reducing the possibility of cracking around these areas (Seger, 2005). 


[bookmark: _Toc61272465]Causes of Failure
There are a variety of possible causes when looking at drive shafts in motorsports, as can be seen in figure 6 where the main cause is usually abuse (Mandloi, 2013). Abuse of a drive shaft is driver induced which could be too much steering and throttle together, harsh throttle application and many other factors. On top of this, the drive shafts could become fragile over time due to the harsh vibrations of the vehicle. This is very common in motorsports as the vehicle will usually be fitted with solid engine and gearbox mounts, not allowing for any movement whatsoever between the chassis and drivetrain. 
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[bookmark: _Toc61272488]Figure 6 - Percentage of causes of failure in drive shafts (Mandloi, 2013)



The second highest percentage is shared by two factors which are failed modification and poor manufacturing and design of the shaft. The design and manufacturing process of the drive shaft is the core element of which a race car is dependent on. The deformation and returning to its original state are dependent on the manufacturing process where the shaft is heat treated. Improper heat treatment will result in a brittle shaft leaving the race car with only several miles of racing as the torsional loads will slowly deform the shaft and, eventually, snap it (AxleTech, 2018). Looking at failed modification, this is when the vehicles powertrain is modified without having the appropriate shafts. O’Neill (2018) suggests that when a vehicle is modified for a certain type of motorsport, the first component that need to be changed are the drive shafts, with appropriate power rating and CV joint flexibility of its steering and suspension angles (O'Neill, 2018). 

[bookmark: _Toc61272466]Component Failure Investigation
[bookmark: _Toc61272467]Torsional Fatigue and Overload at the Spline Section
[image: ]When a drive shaft is put under too much load for its capabilities, the shaft will twist each time therefore, weakening the component. A study conducted by Guimaraes (2015) of an SAE formula student race car drive shaft premature failure reports that the shaft was under too much load for its given mechanical properties (Guimaraes, 2015). The results of this study are that the snapping of the shaft occurred at the end of the splines where the shaft had deformed by 2 mm, before shearing under extreme torsional and bending stress. It can be seen in figure 1 that the vehicles suspension system is mounted with solid steel joints and, as mentioned above, Guimaraes (2015) states that the shafts are subjected to extreme vibratory loads, this caused fatigue within the component over cyclic loading and was the primary cause of failure, especially on stress raisers like the spline roots (Guimaraes, 2015) (Palazzolo, 2009). [bookmark: _Toc61272489]Figure 7 - Failure of the SAE Formula Student race car (Guimaraes, 2015)

[image: ]Like figure 7, Palazzolo (2009) experienced the same failure in a drive shaft (figure 8) (Palazzolo, 2009). The straight cut splines have less strength than the involute design due to the higher amount of splines and precision fitment, as Robins (2008) states that the usual design of involute splines will distribute the most load on the first 25-30% of splines to engage, thus leading to the failure of the shaft below (Robins, 2008) (Palazzolo, 2009).[bookmark: _Toc61272490]Figure 8 - Straight cut spline shaft failure (Palazzolo, 2009)
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[bookmark: _Toc61272491]Figure 9 - Finite Element Analysis of the half shaft (Guimaraes, 2015)

Guimaraes (2015) conducted a study on the half shaft failure using finite element analysis and discovered that the stress applied overhauled the components yield strength at the spline fillet. The study shows that the spline fillets is where the shaft is most vulnerable, reaching stress values of around 720 MPa, which is 210 MPa over the material properties limits in table 1 (Guimaraes, 2015). In support of this study, figure 10 illustrates that the maximum stress region is the spline fillets where the shaft shoulder ends, and the splines start. This is confirmation that the maximum stress area is where the splines are exposed outside of the CV joint (Khamankar, 2014). The stress area for figure 9 is much smaller and concentrated, this is due to there being more splines, therefore distributing the load more evenly along the length of engagement (Palazzolo, 2009). 
[image: ]
[bookmark: _Toc61272492]Figure 10 - Finite Element Analysis of a splines gear shaft (S. D. Khamankar, 2014)









[bookmark: _Toc61272468]Fracture Fatigue at the Centre of the Shaft
Another common failure in drive shafts is fatigue fracture. This is caused by cyclical torque overloads, torsional vibration, twisting and bending on the drive shaft. In motorsports, the shafts are constantly under extreme pressure from harsh braking and accelerating, causing torsional and bending fatigue and, according to AxleTech (2018), it is a very common type of failure. Looking at figure 11, the beach marks show a result of bending fatigue representing the fatigue fracture cycles before the shafts eventually gives in and shears apart. The irregular curved rings show a rippling effect starting from the origin, and from here, the component can carry on for a short period of time before giving up (AxleTech, 2018). 

[image: ][image: ] 
[bookmark: _Toc61272493]Figure 11 - Fatigue failure within a real life example of a steel shaft (Andersen et al, 1997)
[bookmark: _Toc61272494]Figure 12 - Explanation of fatigue through a steel shaft (AxleTech, 2018)









[bookmark: _Toc61272469]Overload Torsional Failure at the Centre of the Shaft
Out of all four failure mechanisms, it is said that wear and corrosion are never an issue with drive shafts, the components surrounding the drive shafts are separated and are far enough away for any wear to occur. The drive shafts will only be subject to surface rust if the vehicle is to be stationary for years and the paint is stripped off (EfficientPlant, 2012). This leaves the drive shafts with two mechanisms of failure, fatigue has already been covered, making this one overload failure. This is when the force applied is larger than the yield strength or tensile strength of the component. The shaft in figure 14 has torn at an angle of 45 degrees which concludes that it is of a brittle condition, according to the Efficient Plant Article (2012) as they state that if a shaft shears on a 90 degree angle it is usually ductile (EfficientPlant, 2012). This type of failure is not very common in drive shafts as most of them are ductile, causing them to twist and distort rather than suddenly shear, unless they are extremely under engineered (AxleTech, 2018) (Guimaraes, 2015). 
[image: 0712coverfeat2]
[image: Typical torsional overload of an axle shaft results in a fracture and failure. It is easy to spot because it is classically depicted by the 45-degree helical fracture to the shaft axis.][bookmark: _Toc61272495]Figure 13 - The appearance of overload failures depending on the material characteristics (Efficient Plant, 2012)
[bookmark: _Toc61272496]Figure 14 - Shaft broken under overload torsional stress (Guimaraes, 2015)






[bookmark: _Toc61272470]Solutions and Recommendations
[bookmark: _Toc61272471]Material and Manufacturing Changes
The first solution for drive shaft failure in motorsports is the material. This consists of stronger drive shafts with better material properties, such as 3J Driveline’s rally type drive shafts machined from billet and fabricated from a high tensile alloy steel. These drive shafts have a high degree of ductility to absorb shock loadings and a very high tensile strength of 509 N/mm² higher than 1039 Steel used in the SAE formula student race car. They are also capable of double the yield torque of 1039 steel (3JDriveline, 2020). Figure 16 shows a different type of finish on the billet drive shaft where the surface is heat treated differently to the 1039 alloy steel drive shaft of figure 15. 
[image: Counting on The Spline – Why Axle Spline Count Matters][image: Measuring and Re-making CV Axles | Rorty]




Not only are upgraded drive shafts made from stronger material, but they are also manufactured differently. Cold-rolled splines are one of these modifications introduced into motorsport drive shafts, these increase hardness in the splines and produce greater yield with a superior surface finish allowing for more precision (Engineering360, 2020). In contrast, structural weaknesses in the spline profiles were caused in OEM drive shafts by milling the splines, this was addressed from fatigue failures within drive shafts that ended careers of many drivers (Smith, 1984).  Below is a similar comparison between two similar materials used to produce drive shafts (Ansell, 2004). [bookmark: _Toc61272497]Figure 15 - Billet 4030 allow steel drive shaft (Rorty.net, 2014)
[bookmark: _Toc61272498]Figure 16 - Standard OEM 1039 steel drive shaft (Vicious off-road, 2019)
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[bookmark: _Toc61272499]Figure 17 - Difference in UTS between two steels used for drive shaft production (Ansell, 2004)

[bookmark: _Toc61272472]Drive Shaft Size and Spline Count Increase
As mentioned before, the bigger the drive shaft’s diameter, the stronger the drive shaft as it has more splines and material in general. This will add a lot of un-sprung weight to the race car as they are heavy components as it is, therefore, a specific size needs to be chosen for the application. The graph below dictates the amount of torque a shaft can withstand against the number of splines on that shaft (Guimaraes, 2015). 
[image: As you can see, increasing from a 30-tooth spline to a 33-tooth creates a 34-percent increase in torque capacity. While there are some generalizations in this graph to help illustrate the point, the spline tooth increase is not linear. For example, the 35-tooth spline is about 62 percent stronger when compared to the 30-tooth. The 40-tooth spline is 140 percent stronger. It all comes back to the function of the diameter raised to the third power.][bookmark: _Toc61272500]Figure 18 - Torque capacity for spline count on drive shafts (Guimaraes, 2015)


From this graph, designers can determine the amount of splines needed on the shafts to withstand a certain amount of load from the vehicle’s powertrain. This has become a determining factor in the world of motorsport as there are many companies producing different styles of drive shafts for certain applications. 







[bookmark: _Toc61272473]Shaft to Spline Fillet
Referring to figure 7, the drive shafts is a solid bar with no dimensional changes from the shaft to the splines. Research indicates that a fillet from the shaft into the splines is necessary to decrease the stress concentration factor (Wankling, 2017). ISO and AGMA both use a certain form of SFC in their design of gear teeth, as do SAE for splines (Chaplin, 1994) (McCarthy, 2006). Mark Williams (2021) states that the drive shaft diameter must be smaller than the splines diameter, this allows the drive shaft to carry its maximum torsional load. Operating the same as a torsion bar, a reduction in diameter at the spline end will allow the rotational wind up to occur over a longer area. If not, the drive shaft will eventually twist at the spline shoulders and fail under load (Williams, 2021). 
Shown below is the results of Wankling (2017)’s experiment where the stress concentration factor decreases with fillet size increase. Putting this into perspective, if the drive shaft in figure 7 was to have a fillet it might have survived for longer even if it was deemed weaker than necessary. 
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[bookmark: _Toc61272501]Figure 19 - Fillet radius effect on SFC (Wankling, 2017)






[bookmark: _Toc61272474]Conclusion
Torsional fatigue and cyclic loading are the main reasons for drive shaft failures in motorsport. This is due to the heavy impact loads that the driver delivers to them. Drive shafts are engineered for their application and when applied to the wrong form of motorsport, it can cause catastrophic failure which will deter the driver from finishing the race.
The failure of the SAE race car drive shaft was studied and conducted by Guimaraes (2015) and was resulted to be a mixture of torsional overload and fatigue over 100 Km of driving distance. The drive shaft had twisted at the shoulder region of the splines, deformed by 2 mm across a 10 mm distance. The main concern of this case study was that the material’s physical properties were not capable of the loads applied but, research shows that other modifications other than stronger material can be made to reduce the risk of this failure happening again. 
Wankling (2017) produces a strong argument that if the drive shaft were to have a fillet at the end of the splines, deformation of the drive shaft would require higher loads as the stress concentration factor is reduced (Wankling, 2017). Along with material choice and manufacturing, spline construction and design are a very important element in a reliable drive shaft. FEA analysis strongly suggests that when the splines are narrower with a 45 degree pitch angle, the stress concentration is much less across the area where the shaft is inserted into the CV joint. 
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