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Introduction
Following a failure of two driveshafts during the Dakar Rally, the teams engineer has been asked to investigate and analyse any potential reason for failure. This paper will aim to come to a conclusion using previous research, a practical investigation using a sample of the metal used for the driveshafts and knowledge of metals, stress, strain and calculations for understanding the limitations of the sample. 

All materials have different properties when bent, stretched or compressed, however there are patterns within certain groups of materials. Most metals for instance have largely similar properties when under tension due to their atomic structure and bonds, so they follow a trend of elastic deformation, yield point, necking and fracturing. Despite different tensile strengths and stiffness, the overall stress cycles of most metals follow this trend. This paper will cover the method and results following a tensile test conducted on a sample of metal, it will also include an analysis of the data and where it fits in with real world applications and examples. 
[image: ]
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For optimal performance materials must be chosen to suit specific applications, for the Dakar, they must have lightweight components that are incredibly strong and durable to withstand the harsh conditions. The driveshafts job is to transfer torque and power from the engine to the wheels, it experiences sustained torque, repeated shock impacts, abrasion from sand, large suspension movement and high temperatures. Due to the long stages, there are minimal maintenance opportunities to check and replace any potentially worn parts, therefore components must be reliable and able to withstand a higher threshold than usually necessary to cope with the environment.

[image: ]To begin with, the most important factor when choosing a driveshaft material is its torsional strength, which is the strength of a material when twisted. A driveshaft connects the output of the gearbox and engine to the wheels, and therefore experiences high torsional stress, especially in vehicles with large amounts of torque and power. In this case, most Dakar vehicles lie in the range of 3-400 Horsepower and up to 600 N/m of torque, to withstand this, the driveshafts should be tested to ensure they are only working within their elastic region, where they do not permanently deform or fail. This can be done using an ASTM torsion test for different samples of materials to determine which one is most suitable for this application (E143 Standard Test Method for Shear Modulus at Room Temperature, n.d.). Figure 1: Torsional Testing Rig


After manufacturing, the driveshaft should also be tested using ISO standards for axial loading and bending fatigue tests, particularly ISO 1143 (ISO 1143:2021 - Metallic materials — Rotating bar bending fatigue testing, 2021)and ISO 4965 using a fatigue testing rig to simulate repeated torque (ISO 4965:1979 - Axial load fatigue testing machines — Dynamic force calibration — Strain gauge technique, 1979). These tests at full scale prove whether the driveshafts will handle the environment, particularly metal fatigue from repeated loading, and give an outline of where the limitations are so the rally team can mitigate the likelihood of failure.

Following this, yield and tensile strength have a similar impact when considering the material for a driveshaft, because of the harsh nature of the Dakar Rally, where jumps, rough terrain and high speed all apply other external forces on the driveshaft using ISO standard 6892 (ISO 6892-1:2019(en), Metallic materials — Tensile testing — Part 1: Method of test at room temperature, 2019). Vibration and balancing both play a part in other external factors that can affect a driveshafts longevity because it rotates exceptionally quickly and despite being low weight, even a small imbalance can throw the driveshaft off and damage it at very high RPM.

[image: ]Finally, for Dakar application, the temperature, environmental and wear resistance must be taken into account. In desert settings where the heat can exceed 50°C as well as heat from the exhaust, and from constant load the driveshaft will be operating at much higher temperatures than an average car. Metal creep is a phenomenon where under load, metal will slowly deform and weaken over time, this is heightened at higher temperatures and over long stages can affect the strength of the metal as the material becomes softer and more malleable (Kassner, 2015). The hardness and wear resistance of a drivetrain in this specific environment is also crucial, since the material must be able to withstand corrosion- ISO 9227 (ISO 9227:2022(en), Corrosion tests in artificial atmospheres — Salt spray tests, 2022). As well as abrasion from dirt ingress, and hard impacts: anything thrown up at high speeds, which we can test using the Charpy test ISO 148 (ISO/DIS 148-1(en), Metallic materials — Charpy pendulum impact test — Part 1: Test method, no date). This measures the toughness or brittleness using a set weight on a pendulum that impacts a rectangular sample at a specified point with a V-notch to simulate a fracture point. Figure 2: Charpy Pendulum Impact Test Rig
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[image: ][image: ]For the experiment, we used a testing rig (Fig. 3) to determine the tensile strength of a sample of metal. This consisted of two very stiff springs and a dial gauge on one side, and a threaded bolt with a handle on the load nut and measurements for every 0.1 mm the bolt moves upward. Between the two sides is where the material sample is bolted into the rig, one end connected to either side. When the load nut at the top is turned, the threaded bolt pulls the top mount of the sample and transfers all of the tension through the main body of the sample. This then pulls on the bottom half of the rig and the springs are pulled tight until the forces from the bolt and the springs overcome the yield strength of the sample and it fails (Fig. 4). Figure 3: Sample Failure
Figure 4: Tensile Test Rig



[image: ]To begin with, the sample material was measured (Fig. 5) for its cross-sectional area using vernier calipers, used in the stress equation:Figure 5: Measuring sample with Vernier Calipers


Where  is stress,  is force and  is the cross-sectional area. 

[image: ]The original length was also measured for the strain equation: Figure 6: Sample


Where  is strain,  is the change in length, and  is the original length of the sample.

Once the sample was bolted into the rig, with the dial gauge zeroed, the load nut was turned in 0.2 mm increments, slowly and carefully so as not to ‘shock’ the sample and cause any errors and this was repeated until the sample failed. Each turn, the dial gauge reading was noted down to calculate force input on the sample and the true extension of the sample by subtracting it from the load nut reading. 
[image: ]Figure 7: Load nut with 0.1mm Measurements
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Our main considerations for this test using high tension springs and metal components were eye protection and keeping fingers away from any of the moving parts, which experience sudden movement and high power at failure. 
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The data collected in the lab was just the dial gauge reading following the correct loading instructions of 0.2mm increments on the load nut. However these values can be used to calculate the force acting on the sample, the stress caused and the nominal strain of the metal. To calculate the force, the springs on the rig had a combined spring rate of 100 N/mm, therefore every 1 mm on the dial gauge, 100 N is being applied which we can use alongside the cross-sectional area to find the stress. The load nut reading minus the dial gauge reading then gives us the total extension of the sample and we can then calculate strain. 


Table 1: Tensile Results
	Load Nut movement (mm)
	Dial Indicator (mm)
	Force (N)
	Extension (m)
	Stress σ (MPa)
	Nominal Strain ε

	0
	0
	0
	0
	0
	0

	0.2
	0.15
	15
	0.00005
	8.547
	0.001661

	0.4
	0.32
	32
	0.00008
	18.234
	0.002658

	0.6
	0.5
	50
	0.0001
	28.490
	0.003322

	0.8
	0.68
	68
	0.00012
	38.746
	0.003987

	1
	0.86
	86
	0.00014
	49.003
	0.004651

	1.2
	1.06
	106
	0.00014
	60.399
	0.004651

	1.4
	1.25
	125
	0.00015
	71.225
	0.004983

	1.6
	1.44
	144
	0.00016
	82.051
	0.005316

	1.8
	1.63
	163
	0.00017
	92.877
	0.005648

	2
	1.81
	181
	0.00019
	103.134
	0.006312

	2.2
	2
	200
	0.0002
	113.960
	0.006645

	2.4
	2.19
	219
	0.00021
	124.786
	0.006977

	2.6
	2.37
	237
	0.00023
	135.043
	0.007641

	2.8
	2.51
	251
	0.00029
	143.020
	0.009635

	3
	2.63
	263
	0.00037
	149.858
	0.012292

	3.2
	2.76
	276
	0.00044
	157.265
	0.014618

	3.4
	2.85
	285
	0.00055
	162.393
	0.018272

	3.6
	2.93
	293
	0.00067
	166.952
	0.022259

	3.8
	3
	300
	0.0008
	170.940
	0.026578

	4
	3.1
	310
	0.0009
	176.638
	0.0299

	4.2
	3.16
	316
	0.00104
	180.057
	0.034551

	4.4
	3.21
	321
	0.00119
	182.906
	0.039535

	4.6
	3.28
	328
	0.00132
	186.895
	0.043854

	4.8
	3.29
	329
	0.00151
	187.464
	0.050166

	5
	FAILURE
	
	#VALUE!
	
	



	Cross Sectional Area (m^2)
	Original Length (m)

	0.000001755
	0.0301



Table 2: Stress-Strain curve
[image: ]Ultimate Tensile Strength
Yield point

[image: ]Table 3: Elastic Region of Stress-Strain Curve




[bookmark: OLE_LINK2]
[bookmark: _Toc228100734]Analysis
What Table 1  is showing is the stepped increments and the dial gauge reading for each measurement then the force, stress and strain calculated using the formulas above, and the dimensions for the sample. The sample fails at >329 N of force so it can be assumed that this is near the ultimate tensile strength point of the sample. To calculate this the same equation for stress can be used:

This value comes out as 187464387.5 N/ ~ 187.5 MPa 
[image: ][image: ]Figure 9: Necking at failure
Figure 8: Original Length comparison


In Table 2, the yield strength is regarded as the point at which the sample stops deforming within its elastic region, where it can bend or stretch without permanent deformation. In the graph, this is turning point around the middle of the curve, where the gradient changes from a steep curve to a shallower gradient. This occurs on the 13th data point, which is 237 N. Using the same equation, we can input the yield strength force and cross-sectional area of the sample to calculate the yield strength, 135042735 N/ or 135 MPa.

If we isolate the first part of the curve, the linear steep gradient region, (Table 3) the gradient of the line can be taken and with this we can estimate the young’s modulus of the sample because the gradient ()  =   where  = change in stress () divided by  = change in strain (). This matches the Young’s Modulus equation: 

As shown in Table 3, the gradient of the line of best fit and therefore the Young’s Modulus is 23,261.76 MPa or 23.3 GPa. 
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To conclude, the findings from the experiment reflect that of many previous studies and the results for yield strength, ultimate tensile strength and the Youngs’s Modulus were all within the right factor of 10 so it can be assumed that there were no major errors or inaccuracies in the investigation. However, the values we did get were still slightly off from that expected of aluminium, for example the youngs modulus of aluminium is around 70 GPa, (Aluminum, no date) so the value of 24 GPa from the practical is considerably lower. This can be attributed to potentially poor quality sample, human error when reading and measuring the extension and load, or the sample being rectangular and having higher stress focused points leading to premature failure. 
[image: ]Figure 10: Driveshaft Fracture


The difference in length (Fig. 8) and the necking (Fig.9) seen in the sample show the evidence of a clean ‘ideal’ fracture at the weakest point. The driveshaft failure (seen above) is not a clean, tensile fracture, instead what we can tell is that it looks most consistent with that of fatigue failure, where repeated torque and high impacts weaken the metal. This is then followed by a final sudden overload of torque or bending force which shears the already weakened component. The cause of the fail could also have propagated from a crack or dent in the metal from either high impact, rapid temperature change or manufacturing faults. The crack then widens and weakens the part over time until it cannot withstand the forces acting on it.

The other potential choices for materials like carbon fibre, steel or titanium, whilst all valid and have their own strengths; carbon fibre being very strong and lightweight, steel being strong, cheap and easy to manufacture and titanium being incredibly strong and light. They all have their drawbacks, carbon fibre does not cope with heavy concentrated impact or sand abrasion well, steel corrodes badly in wet and salty environments and is much heavier, and titanium is expensive whilst still being relatively heavy. For these reasons, a high-grade aluminium or aluminium alloy is the best choice for the driveshaft as it is cheaper than titanium or carbon fibre, it can withstand impact and corrosion well and it is still lightweight. Since the maximum stress measured on the driveshaft before failure was 90 MPa and the measured yield strength of the sample was 135 MPa, it can be confirmed that the main reason for failure was due to poor quality aluminium, incorrect heat treating or poor maintenance from the team leading to weaknesses that went unnoticed and caused a catastrophic failure. 


Considering all these potential causes, actions can be taken to negate the likelihood of failure. Firstly, the driveshaft would be less vulnerable to cracks and impacts if it was protected better from the elements and environment, thus reducing any potential failure points which would weaken the component. Any stress concentrations can be reduced by using smoother surface finishes, less sharp edges and higher quality metal. Resistance to fatigue can be increased through better quality material selection or heat treatments such as quenching or tempering to harden the metal. Corrosion protection such as plastic and wax coatings or more resistant materials. As well as this, constant inspection and maintenance will help detect any imperfections or issues that need to be resolved before catastrophic failure occurs.
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