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The Dakar Rally is one of the most demanding motorsport events in the world, exposing vehicles to extreme environmental conditions, including high temperatures, abrasive terrain, and sustained dynamic loading. Mechanical components must therefore exhibit exceptional reliability and durability under cyclic and impact loading conditions.
During stages four and five of the rally, two vehicles experienced catastrophic drive shaft failures. In both instances, the shaft fractured completely, rendering the vehicles immobile and resulting in early retirement. Notably, these failures occurred despite the shafts being manufactured using an established design and production process that had previously proven reliable.
A key recent change was the introduction of a new aluminium supplier, leading the team to suspect that the failure may be material related. The drive shafts are known to be manufactured from an aluminium alloy, although the exact grade and temper remain unconfirmed. A sample of the material was therefore subjected to tensile testing to determine its mechanical properties.
The primary objectives of this investigation are:
· To determine the mechanical properties of the shaft material through tensile testing 
· To calculate Young’s modulus, yield strength, and ultimate tensile strength 
· To assess whether the material properties are suitable for the operational loading conditions 
· To identify the most likely cause of failure 
· To propose engineering solutions to prevent recurrence
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Drive shafts used in extreme motorsport environments such as the Dakar Rally are subjected to complex and highly variable loading conditions, including torsional, bending, and axial stresses. These loads fluctuate significantly due to uneven terrain and dynamic vehicle operation, making fatigue resistance a critical factor in material selection. Fatigue failure can occur even when stresses are below the ultimate tensile strength, as repeated cyclic loading leads to progressive damage accumulation over time (Zhang et al., 2020).
Aluminium alloys are commonly used in automotive and high-performance applications due to their high strength-to-weight ratio. However, their mechanical properties are strongly influenced by alloy composition and heat treatment. For instance, precipitation-hardened alloys such as 6061-T6 and 7075-T6 rely on controlled thermal processing to achieve their strength, and any deviation from the correct temper can significantly reduce performance (Kaufman, 200). This highlights the importance of material quality control, particularly when introducing a new supplier.
A key limitation of aluminium alloys is the absence of a true endurance limit. Unlike many steels, aluminium will eventually fail under cyclic loading regardless of how low the applied stress is, provided sufficient load cycles occur (Zhang et al., 2020). As a result, components must be designed with a finite fatigue life in mind, and operating stresses must be carefully controlled to avoid premature failure.
Fatigue failure typically progresses through crack initiation, crack propagation, and final fracture. Cracks often initiate at stress concentrations such as surface defects, inclusions, or machining marks. Once initiated, cracks grow incrementally with each load cycle until sudden fracture (Forrest, 2013). Surface condition and manufacturing quality therefore play a significant role in determining fatigue life, with poor surface finish or material defects greatly reducing performance (Kaufman, 2008).
Tensile testing, conducted according to standards such as ASTM E8/E8M, is widely used to determine key material properties including Young’s modulus, yield strength, and ultimate tensile strength. While these properties are essential for assessing material suitability, they do not fully represent fatigue behaviour. Therefore, tensile results must be considered alongside fatigue performance when evaluating materials for cyclic loading applications (Kaufman, 2008).
Overall, the literature indicates that aluminium alloys are susceptible to fatigue failure, particularly when material quality, processing, or surface condition is compromised. This supports the hypothesis that a change in material supplier could significantly affect component performance and may be a key factor in the observed drive shaft failures.
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The tensile test was conducted using the ES6 Tensile Tester to determine the mechanical properties of different materials, including their stress–strain behaviour, yield strength, and ultimate tensile strength.
[bookmark: _Toc228089849]Apparatus
· ES6 Tensile Tester 
· Test specimens (e.g. steel, aluminium, PVC) 
· Dial calliper 
· Dial indicator (attached to tester)
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Figure 1 Image of apparatus
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1. Preparation of Specimen
Each specimen was selected and its initial dimensions were measured using a dial caliper. The width and thickness at the gauge length were recorded to calculate the original cross-sectional area. The original gauge length was also measured. 
2. Mounting the Specimen
The specimen was securely fixed between the upper and lower chucks of the tensile tester. The dial indicator was set to zero before loading began. 
3. Application of Load
Tensile load was applied gradually by turning the load nut: 
· Initially in small increments of 0.1 mm up to 2.5 mm
· Then in larger increments (1 mm and above) until fracture
A consistent loading rate was maintained throughout the test.

[image: ]
Figure 2 Image of fractured aluminium specimen

4. Recording Measurements
At each increment: 
· Dial indicator readings were recorded 
· Load nut displacement was noted
These readings were used to determine force and extension values.
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Table 1 Raw table of results
	Load Nut Movement (mm)
	Dial Indicator (mm)

	0
	0

	0.1
	0.04

	0.2
	0.12

	0.3
	0.21

	0.4
	0.3

	0.5
	0.39

	0.6
	0.48

	0.7
	0.57

	0.8
	0.66

	0.9
	0.75

	1
	0.84

	1.1
	0.93

	1.2
	1.03

	1.3
	1.12

	1.4
	1.21

	1.5
	1.3

	1.6
	1.4

	1.7
	1.49

	1.8
	1.58

	1.9
	1.66

	2
	1.75

	2.1
	1.84

	2.2
	1.92

	2.3
	2.01

	2.4
	2.1

	2.5
	2.19

	3.5
	2.81

	4.5
	3.19

	5.3
	Break



The data shows a clear progression in system behaviour from initial loading to failure. At the start (0-0.5 mm), the dial indicator response is relatively low compared to the applied movement, indicating initial settling effects such as slack, alignment adjustment, or component compliance. From roughly 0.5 mm to 2.5 mm, the relationship becomes almost linear, suggesting stable elastic behaviour where displacement increases proportionally with load nut movement-this represents the system’s most reliable operating range. Beyond 2.5 mm, the rate of increase in dial indicator readings begins to slow, indicating a reduction in stiffness and the onset of material or structural degradation, such as plastic deformation or internal damage. This softening continues until the system ultimately fails at 5.3 mm, meaning the failure is progressive rather than sudden, with clear warning signs in the form of decreasing responsiveness before the final break.
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Table 2 Calculated Data Table
	Force (N)
	Extension (mm)
	Stress (N/m^2)
	Strain

	0
	0
	0.00E+00
	0

	4
	0.06
	2.00E+06
	0.001935484

	12
	0.08
	6.00E+06
	0.002580645

	21
	0.09
	1.05E+07
	0.002903226

	30
	0.1
	1.50E+07
	0.003225806

	39
	0.11
	1.95E+07
	0.003548387

	48
	0.12
	2.40E+07
	0.003870968

	57
	0.13
	2.85E+07
	0.004193548

	66
	0.14
	3.30E+07
	0.004516129

	75
	0.15
	3.75E+07
	0.00483871

	84
	0.16
	4.20E+07
	0.00516129

	93
	0.17
	4.65E+07
	0.005483871

	103
	0.17
	5.15E+07
	0.005483871

	112
	0.18
	5.60E+07
	0.005806452

	121
	0.19
	6.05E+07
	0.006129032

	130
	0.2
	6.50E+07
	0.006451613

	140
	0.2
	7.00E+07
	0.006451613

	149
	0.21
	7.45E+07
	0.006774194

	158
	0.22
	7.90E+07
	0.007096774

	166
	0.24
	8.30E+07
	0.007741935

	175
	0.25
	8.75E+07
	0.008064516

	184
	0.26
	9.20E+07
	0.008387097

	192
	0.28
	9.60E+07
	0.009032258

	201
	0.29
	1.01E+08
	0.009354839

	210
	0.3
	1.05E+08
	0.009677419

	219
	0.31
	1.10E+08
	0.01

	281
	0.69
	1.41E+08
	0.022258065

	319
	1.31
	1.60E+08
	0.042258065
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Figure 3 Graph of Stress against Strain
The graph illustrates a typical stress–strain relationship for a ductile material, though it contains several subtle irregularities and an implied fracture point that add complexity to its interpretation. At very low strain, the curve begins with a slight non-linear region rather than the perfectly straight line expected from ideal elastic behaviour. While this could partly reflect minor experimental inaccuracies-such as initial slack in the testing apparatus or measurement sensitivity-it may also indicate real material response, where microstructural features adjust under the initial load. As the strain increases, the curve transitions into a more clearly linear region, representing elastic deformation in which stress is directly proportional to strain and the material will return to its original shape upon unloading. Approaching the yield point (approximately 0.004–0.009 strain), the curve exhibits small, jagged fluctuations instead of a smooth transition. These irregularities are significant, as they likely reflect discontinuous yielding rather than simple noise, arising from the intermittent movement of dislocations within the material’s crystal structure. This behaviour can be associated with localised deformation and the formation of Lüders bands, where regions of plastic deformation propagate unevenly through the specimen. Beyond the yield region, the curve becomes smoother and enters the strain-hardening phase, during which stress continues to increase but at a gradually decreasing rate. This indicates that the material is strengthening as it deforms, due to an increasing density of dislocations that hinder further movement. Eventually, the graph suggests an implied maximum stress point, after which necking would typically occur, leading to a reduction in cross-sectional area and ultimately culminating in fracture.
[bookmark: _Toc228089860]Analysis

Yield Strength
Yield strength is the stress at which a material begins to deform permanently, meaning it will not return to its original shape when the load is removed. In the initial elastic region of a stress–strain curve, stress and strain are proportional, and the material obeys Hooke’s Law, so deformation is fully recoverable. Once the stress reaches the yield strength, the curve starts to deviate from linearity because the material enters the plastic region, where atomic or molecular structure changes cause permanent extension.
· 
So, yield strength ≈ (51 MPa). 
Ultimate Tensile Strength
Ultimate tensile strength (UTS) is the maximum stress a material can withstand while being stretched before it starts to fail. It represents the highest point on the stress–strain curve. Up to this point, the material can still carry increasing load, but once the UTS is reached, the material begins to weaken locally (a process called necking), and the required stress to continue deforming it will decrease until fracture occurs. Unlike yield strength, which marks the start of permanent deformation, UTS marks the peak load-bearing capacity of the material.

· 
So, UTS = (160 MPa).
Youngs Modulus

Young’s modulus is a measure of a material’s stiffness—specifically, how resistant it is to elastic deformation when a force is applied.
It is defined as the ratio of stress to strain within the elastic (linear) region of a stress–strain curve, where the material returns to its original shape after the load is removed.

In this expression:
is Young’s modulus 
is stress (force per unit area) 
is strain (extension per original length) 
A higher Young’s modulus means the material is stiffer (it deforms less under a given load), while a lower value means the material is more flexible.

· E = 
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The failure mechanism can be understood more deeply as a progressive ductile failure driven by strain localisation. After the material passes its yield strength (~5.1 × 10⁷ Pa), it no longer deforms uniformly; instead, microscopic regions begin to accumulate plastic strain faster than others. As loading continues toward the ultimate tensile strength (~1.6 × 10⁸ Pa), these regions evolve into a localised “neck,” where the cross-sectional area effectively reduces. Even though the recorded stress (based on original area) appears to increase slightly, the true stress in the necked region is much higher, accelerating damage. At a microstructural level, this stage typically involves void nucleation, growth, and coalescence, leading to crack formation and final rupture. The large jump in strain at the end of your data strongly supports this interpretation, showing that deformation became highly concentrated just before failure.
There are also several contributing factors that may have made the failure occur earlier or more severely than expected. For example, if the material experienced strain rate effects (loaded too quickly), it may have had reduced ductility. If there were stress concentrations (such as small surface defects, machining marks, or geometric discontinuities), these would act as initiation points for necking. Environmental conditions-like elevated temperature-could further reduce strength and accelerate plastic flow, while repeated loading could introduce fatigue damage, weakening the material before the final overload event.
To mitigate these risks more robustly, the solution isn’t just “use a stronger material,” but to adopt a more comprehensive engineering approach. From a design perspective, incorporating a higher safety factor is essential, but it should be paired with finite element analysis (FEA) to identify localized high-stress regions that may not be obvious in simple calculations. From a materials engineering standpoint, selecting alloys or polymers with higher strain-hardening capacity can delay necking, improving resistance to localised failure. Surface treatments (like polishing or shot peening) can reduce or redistribute stress concentrations and improve fatigue life.
From a manufacturing and quality control angle, tighter control over defects (e.g., inclusions, voids, poor bonding) is critical, as these can significantly reduce the effective cross-sectional strength. Non-destructive testing methods such as ultrasonic inspection can help detect internal flaws before service. In operation, real-time monitoring systems-like strain gauges or digital image correlation-can detect abnormal deformation early, allowing intervention before catastrophic failure.
Finally, a key preventative strategy is designing for graceful failure: ensuring that if the material does yield, it does so in a controlled and visible way rather than suddenly. In your case, the material did exhibit ductility (which is good from a safety standpoint), but the design likely allowed it to reach a state where necking became critical. By limiting operational stresses, improving geometry, and selecting materials with better strain distribution characteristics, similar failures can be significantly reduced or avoided altogether.
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