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Abstract 

Tourism has experienced a large growth in the last years, making it a profitable business in which 

more people and companies are investing each year. In this context, a tuk tuk built by a Dutch company 

is presented: the e-TUK. A three-wheeled electric vehicle, which fulfils the need to transport tourists 

through old cities and emblematic sites.  

The vehicles motion is made possible by the rear transmission shaft. This thesis was written in order 

to study the problems that keep arising in components of the rear transmission shaft of the 

aforementioned tuk tuk: the half shafts and the differential’s gears. Thus, the main objective of this work 

is to investigate a root cause that leads to a failure of the aforementioned components.  

To study the failure mode of the half shafts, a visual inspection and fractographic analysis, was carried 

out using the SEM. Fracture surface analysis was performed and samples were taken from both half 

shafts for metallographic analysis, chemical composition analysis, tensile and hardness tests. Visual 

inspection of the fracture surface of the half shaft to the left of the differential (rear view) revealed that 

it resulted from reversed bending fatigue with torsion. Analysis of the fracture surface of the half shaft 

to the right of the differential (rear view) revealed that it resulted from bending fatigue.  

In order to identify the differential’s gears cause of fracture, the gear’s teeth were visually inspected, 

observed on the SEM and subjected to a hardness test. The examination of the teeth’s fracture surface 

allowed to identify that these ones failed due to overload. Plastic deformation, abrasive wear and pitting 

were observed in most of the teeth. 

Considering the characteristics of the tuk tuk model under study, a verification work was carried out 

on the transmission power project involving the fractured elements.   

Keywords: Tuk Tuk, Power transmission, Failure modes, Fatigue, Structural integrity  

1. Introduction 

The rear shaft transfers power from the 

differential to the driven wheels, responsible for the 

vehicle’s motion. It is composed by the differential, 

the rear traction half shafts and the rear shaft’s 

compartment (Figure 1.1) [1].  

 
Figure 1.1 – Exploded view of the rear transmission shaft, 

adapted from [2]. 

In automobiles, the half shafts are used to provide 

a connection between the driven wheels and the 

differential, which are positioned in its ends and are 

tasked with the transmission of power and rotational 

motion. While performing this function, they are 

subjected to torsion and bending stresses, which are 

caused by its own weight, the weight of the 

components or by the possible misalignment of the 

bearings [3]. 

Asi [3] mentions that the half shafts, which are 

rotating parts, are prone to suffer from fatigue due to 

the nature of their function and the failure by fatigue 

is usually of the torsional bending, rotating bending 

and reversed bending type. Fracture by fatigue starts 

as a fissure within the crystallographic planes with a 
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high shear stress, followed by the spreading of the 

fissure alongside a direction perpendicular to the 

applied load [4], resulting in a fast spreading which 

leads to a final rupture [5].  

Bonnett et al. [6] presented a study based on 

industry-provided data on the causes of shaft failures 

for rotary machines, where ductile fracture, brittle 

fracture and creep are identified. 

Dimple rupture is the fractographic term which 

describes the ductile fracture and it shows numerous 

cuplike depressions, which are the result of the 

microcavities coalescence. Macroscopically, it is 

possible to see a tangible amount of plastic strain in 

this fracture, a transverse section is reduced due to 

the stricter phenomenon and a conical edge at 45o 

where the fissure ends [4].  

Fractographically, the brittle fracture is described 

by the cleavage, which consists of the atomic 

connections breaking alongside the cleavage planes. 

Theoretically, for this type of fracture the surfaces 

should be compatible and completely plane, which 

does not happen because there are imperfections and 

orientation changes in the crystal structure which are 

responsible for the existence of characteristics typical 

of cleavage fracture surfaces, such as: cleavage steps, 

river patterns, feather marks, chevron and tongues. 

Macroscopically, brittle fracture does not show plastic 

strain and the fracture occurs with low or none 

stricter [4]. 

Creep occurs slowly and succeeds when a metal is 

subjected to a constant stress and high temperature 

[5]. The creep fracture is intergranular, being 

designated as decohesive rupture, to which a fracture 

alongside the limits of the material grain is associated 

and such typically shows little to none plastic strain 

[4].  

The inner end of the half shafts is connected to 

the differential’s planetary gears and it has three 

functions: (i) redirect power flow (at a 90⁰ angle) to 

drive the rear wheels; (ii) multiply engine torque, 

reducing engine speed; (iii) allow the vehicle to 

describe corners [1]. 

The gears consist of a circular motion 

transmission mechanism between shafts, changing 

rotation speeds, torques and/or rotations and keeping 

the gear ratio (𝑖)  constant [7].  

Determining the cause of failure of the gears 

requires identifying their failure modes. According to 

Bhaumik et al. [8], there are several failure modes 

that fall into four main groups: wear, pitting, tooth 

fracture and plastic deformation.  

According to Hohn and Michaelis [9], in the wear 

occurs the interaction of roughness, in the presence of 

a thin separation film. This interaction leads to the 

virtually uniform removal of the metal layers from 

the gear tooth contact surfaces, as Shipley mentions 

[10]. 

Severe adhesion wear is called scuffing and it 

occurs when the lubricant film between the teeth 

collapses, causing molecular interaction between the 

surfaces [11]. Metal-to-metal contact produces 

alternate welding and breakage, responsible for rapid 

metal removal. This can be caused by various factors 

such as axial misalignment, root surface profile errors 

or the need for crown surface modification [10]. 

Pitting appears on the root flank of the tooth and 

corresponds to a surface fatigue failure originating 

from the superficial cracks that propagate through 

the material, according to Hohn and Michaelis [9]. 

Chipping appears on the root flank of the tooth and 

corresponds to a surface fatigue failure originating 

from the superficial cracks that propagate through 

the material, according to Hohn and Michaelis. This 

propagation of the cracks causes surface material to 

break and the consequent formation of a 

depression/cavity with sharp edges. Although local 

surface irregularities are mentioned, this mode occurs 

when the strength limit of the material is exceeded 

due to misalignment or errors in the tooth profile [10]. 

Fracture of the teeth corresponds to a failure in 

which the complete rupture of the tooth occurs or a 

substantial portion of the latter. This may be the 

result of an overload or cyclic stress on the gears 

teeth, greater than the material fatigue strength [10].  

The plastic deformation of the tooth surface is 

caused by high contact stresses and the rolling and 

sliding action of the gear. It is characterized by a 

surface deformation due to the yielding of surface and 

subsurface material [10].  

Each failure mode is associated with characteristic 

marks, and detailed examination of the damaged gear 

based on these characteristic marks enables the cause 

of the failure to be determined. 

On this article, the fracture of two components 

from an electric tuk tuk’s transmission shaft is 

studied: the half shafts and the differential’s gears. 
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2. Background 

The vehicle studied in this work is the e-TUK 

Limo, shown in Figure 2.1 of which the mechanical 

requirements can be found in Table 2.1. This is a 

100% electric tricycle with a capacity of 6 + 1 

passengers and with a maximum load of 300 kg. 

 
Figure 2.1 – Vehicle in study, e-TUK Limo [12]. 

Table 2.1 – Technical specifications of the e-Tuk Limo, adapted 

from [12] 

L x W x H 3980 x 1410 x 1850 mm 

Wheelbase  2700 mm 

Rear width 1255 mm 

Steering angle (measured) 45⁰ 

Maximum weight 1030 kg 

As mentioned, the vehicle has an electric motor 

and its operating conditions in service correspond to 

an engine power of 7 kW at 3100 rpm, with a peak 

torque of 21.56 N.m. on the driving axle. 

The power of the electric motor is sent to the 

differential via the gear train shown in Figure 2.2, 

where the input shaft is directly connected with the 

electric motor and the output shafts correspond to 

the half shafts of the rear transmission system. 

(a)  

(b)  
Figure 2.2 – (a) Differential available for study with 

identification of input (or motor) shaft and output (or moved) 

shaft that corresponds to one of the axles; (b) gear train inside 

the differential. 

In 2015, the company TUK ON ME, a tuk tuks 

company that aims to provide unique and 

unforgettable tours around the Lisbon region, 

acquired the e-TUK model Limo. 

A year after the acquisition (about 15000 km 

travelled), the rear-wheel drive half shafts of the tuk 

tuk fractured. The fractured half shafts available for 

study are shown in Figures 2.3 (b) and 2.4 (b). 

Figure 2.3 (a) shows the location of the fracture on 

the half shaft mounted left of the differential (in the 

rear view of the vehicle), designated as half shaft 1, 

which is at the beginning of the diameter change on 

the side, which is in gear with the planetary gear of 

the differential.  

 

(a)  

(b)  
Figure 2.3 – (a) Scheme of the half shaft 1, with identification 

of the fracture location; (b) half shaft available for study. 

Figure 2.4 (a) shows the fracture location on the 

half shaft mounted right of the differential (in the rear 

view of the vehicle), which is after the change in 

diameter on the side of the tire mounting flange.   

(a)  

(b)  
Figure 2.4 – (a) Scheme of the half shaft 2, with identification 

of the fracture location; (b) half shaft available for study. 

In order to ensure the operation of the vehicle and 

without knowing the material of the half shafts, 

components of a different steel (DIN 42CrMo4) were 

placed on the vehicle. 

At 20000 km, that is, with the new half shafts 

mounted on the rear transmission, the teeth of the 

differential’s conical gears were ruptured (Figure 2.5) 

and the applied solution was to order a new 
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differential and gear set from the vehicle 

manufacturer. However, six months after its 

replacement, the new set showed the exact same 

problems. The characteristics of the fractured 

satellite (Figure 2.5 (a) and (b)) and planetary gears 

(Figure 2.5 (c) and (d)) are shown in Tables 2.2 and 

2.3, respectively, both with a tooth height (ℎ) of 6 

mm and a tooth width (𝑏) of 7.3 mm. 

(a)  (b)  

(c)  (d)  
Figure 2.5 – Gears subjected to analysis: (a) gear 1, (b) gear 3, 

(c) gear 2 and (d) gear 4. 

Table 2.2 – Dimensions of satellite gear (spur conical type) 

Outside diameter, 𝐷𝑎1 39.3 mm 

Root diameter, 𝐷𝑓1 29.3 mm 

Number of teeth, 𝑧1 10 

Table 2.3 – Planetary gear dimensions (spur conical type) 

Outside diameter, 𝐷𝑎2 50.9 mm 

Root diameter, 𝐷𝑓2 43.9 mm 

Number of teeth, 𝑧2 14 

3. Experimental procedure 

3.1. Half shafts 

Both half shafts were visually inspected for a 

general idea of the fracture, more precisely its 

location, shape and size, and the characteristics of the 

fracture surface. To characterize the fracture surface 

and identify fracture mechanisms, an 8 mm high 

cylinder was removed from each half shaft with the 

fracture surface and was observed on the Hitachi 

S-2400 with EDS detector Scanning Electron 

Microscope (SEM), which returned fractographic 

images of the surface and its chemical composition. 

Two 8 mm high cylinders were also “removed” 

from both half shafts for microstructure examination 

and hardness measurement. The microstructure of 

the material was obtained after sanding, polishing 

and contrasting the sample with 4% Nital for 

3 seconds using the Olympus PMG3 microscope and 

the Olympus U-PMTVC microscope camera, and the 

SEM. Hardness was measured on the Mitutoyo 

AVK-C2 durometer by applying a 2 kgf (19.6 N) test 

load for 15 seconds on a properly prepared sample: 

polishing with successively thinner abrasive papers 

(320, 500, 1200 and 2400) on the polishing machine, 

Tegramin-30 from Struers; followed by polishing with 

a 3 μ diamond paste, from the brand Presi, and a 

cloth intended for metallographic purposes. 

 Two test pieces of 6.1 mm diameter and 

42.57 mm test length were made from the fracture 

section of each axle according to the axial direction 

(with 26.50 mm of diameter) for the tensile test. This 

was performed at a speed of 2 mm/min, suitable for 

steel testing, on an Instron 3369 universal mechanical 

(electromechanical) testing machine using the Instron 

2630-100 strain gauge. The laboratory was at 18°C 

and 50% humidity. 

Forces and different stresses in the fractured axle 

sections were calculated, ending with the 

determination of the fatigue safety coefficient. 

3.2. Gears  

The satellite and planetary gears were visually 

inspected for a general idea of the fracture. Teeth 

were removed from the gears under study to 

characterize their fracture surfaces and identify 

fracture mechanisms. The surfaces of the selected 

teeth were observed on the Hitachi S-2400 with EDS 

detector Scanning Electron Microscope (SEM), which 

returned fractographic images of the surfaces and 

their chemical composition. 

In both satellite gear (gear 1) and planetary gear 

(gear 4) a slightly damaged tooth was selected to 

obtain hardness test specimens, as this allows to 

understand whether the gears have hardened 

surfaces. The samples were obtained through a cut 

perpendicular to the crown surface of the tooth, 

midway through its width, and due to its geometry, 

it was necessary to assemble it using the hot melt 

press CitoPress-15. The assembly of the samples was 

followed by the process of sample preparation 

described for the hardness test axle samples.  

Tooth profile hardness as measured on the 

Mitutoyo AVK-C2 durometer applying a test load of 

2 kgf (19.6 N) for 15 seconds. 

The forces applied to the teeth of the planetary 

gears were calculated.
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4. Results and discussion 

4.1. Half shafts 

4.1.1. Visual observations and fractography  

The fracture surface of the half shaft 1 is shown 

in Figure 4.1. It has no beach marks between the 

crack initiation zones and the final fracture zone, due 

to the strong influence of the torque (mode III). Based 

on the characteristics of the fracture surface, it 

appears to correspond to a reversed bending fatigue 

fracture that resulted from high magnitude loading. 

 
Figure 4.1 – Appearance of the fracture surface of the half 

shaft 1, with identification of the final fracture zone (FFZ). 

This fracture surface was examined using the 

scanning electron microscope (SEM) to identify the 

fracture mechanisms and its micro characteristics. 

Figure 4.2 shows the ratchetmarks (fatigue fracture 

indicators), which consist of the joining of cracks 

when there are various sources of fatigue cracks. In 

the final fracture zone was observed the material tear 

(Figure 4.3), which corresponds to the slip and plastic 

deformation, due to the presence of high forces on the 

half shaft. 

 
Figure 4.2 – Ratchetmarks on the half shaft 1’s fracture 

surface. 

   
Figure 4.3 – Removal of material on the fracture surface of the 

half shaft 1. 

Figure 4.4 shows the fracture surface of the half 

shaft 2. It has the fissure initiation point (marked 

with A), the fatigue zone where progression marks are 

displayed (marked with FZ) and the final fracture 

zone (marked with FFZ). Based on the characteristics 

of the fracture surface, it appears to correspond to a 

bending fatigue fracture that resulted from low 

magnitude loading. In the fatigue zone, beach marks 

are displayed, which are indicators of fatigue failure. 

 
Figure 4.4 – Appearance of the fracture surface of the half 

shaft 2, identifying the crack initiation zone (A), the fatigue 

zone (FZ) and the final fracture zone (FFZ). 

As in the half shaft 1, the fracture surface of the 

half shaft 2 was examined using the scanning electron 

microscope (SEM) to identify the fracture 

mechanisms and its micro characteristics. By 

widening the crack initiation zone, the presence of 

high stresses (Figure 4.5 (a)) and intercrystalline 

cracking (Figure 4.5 (b)) is identified. The 

fractographic image of the final fracture zone reveals 

microcavities (Figure 4.6), which are associated with 

the ductile fracture. 

  
(a) (b) 

Figure 4.5 – Enlargement of the crack initiation zone, 

visualizing: (a) high efforts and (b) intercrystalline cracking. 

   
Figure 4.6 – Enlargement of the final fracture zone (FFZ). 

. 
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4.1.2. Microstructural analysis 

Figure 4.7 and 4.8 show the microstructure of the 

half shaft 1 sample and the half shaft 2 sample, 

respectively. The microstructures of the fracturing 

half shafts are similar and correspond to a bainitic 

structure. 

(a)  

(b)  

Figure 4.7 – half shaft 1 microstructure: (a) Olympus PMG3 

microscope with x500 magnification, (b) SEM S-2400 with 

x4000 magnification. 

(a)  

(b)  

Figure 4.8 – Half shaft 2 microstructure: (a) Olympus PMG3 

microscope with x500 magnification, (b) SEM S-2400 with 

x2000 magnification. 

 

4.1.3. Chemical analysis 

The Energy Dispersive X Ray Spectroscopy 

(EDS) included in the SEM returned the two-zone 

chemical composition of the half shaft 1 sample in 

which the analysis was performed (EDS1 and EDS2). 

The same was true for the half shaft 2 sample, where 

the chemical composition analysis was performed. 

Table 4.1 shows the chemical composition of the 

locations of both half shafts, where the analysis was 

performed and the chemical composition ranges of the 

AISI 5120 H chromium alloy steel, a variant of 

AISI 5120 or DIN 20MnCr5 steel, by which the half 

shaft 1 and half shaft 2 material are found to conform 

to the specifications of this steel. 

Table 4.1 – Chemical composition of the two sample zones from 

half shaft 1 and half shaft 2 and AISI 5120 H steel (wt.%) 

 S 1  

(EDS1) 
S 1  

(EDS2) 
S 2  

(EDS1) 
S 2  

(EDS2) 
AISI 5120 H 

C     0.17 – 0.22  

Al – 0.29 – – – 

Cl – 0.54 0.76 0.74 – 

Ca – 0.56 – – – 

Si – 0.39 – – 0.35 (máx.) 

Mn 0.84 0,76 – – 0.60 – 1.00  

P – – – – 0.035 (máx.) 

S – 0.37 – – ≤0.040 

Cr 1.00 0.69 1.01 0.94 0.60 – 1.00 

Fe 98.16 96.39 98.22 98.32 Balance 

4.1.4. Mechanical characterization of the material 

Figure 4.9 and 4.10 show the stress-strain curves 

of the A and B half shaft 1 and half shaft 2 specimens, 

respectively.  

 
Figure 4.9 – Nominal stress-strain curve of the half shaft 1’s A 

and B test pieces. 

 
Figure 4.10 – Nominal stress-strain curve of the half shaft 2’s 

A and B test pieces. 
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Since the nominal stress-strain curves associated 

with half shaft 1 are very similar to the curves of the 

half shaft 2, as well as their mechanical 

characteristics, it can be concluded that the material 

of both half shafts is the same. Considering the 

mechanical properties of each test specimen, the 

lowest value was selected from each property as it is 

more conservative than considering the average of the 

values and were obtained the mechanical properties 

of the material of the half shafts, shown in Table 4.2. 

In this table are also included the mechanical 

properties of the AISI 5120 H steel with the following 

heat treatment: carburizing, reheating to 800⁰C, 

quenching and tempering at 150⁰C, which confirms 

again the conformity of the material under study with 

the steel presented. 

Table 4.2 – Mechanical properties of the material in study in 

this article and of AISI 5120 H steel under the referred 

conditions 

 
𝜎𝑒 = 𝑆𝑦 

[MPa] 

𝜎𝑅 = 𝑆𝑢𝑡 

[MPa] 

𝜀𝐹  

[%] 

𝐸 

[GPa] 

Tested material 701 840 18 206 

AISI 5120 H 696 883 15 205 

4.1.5. Hardness profile 

The values taken from the hardness test show a 

non-uniform distribution of the hardness along the 

cross section of the half shafts. Given that the half 

shafts are made of the same material, as has been 

found in the results, the value of the average obtained 

for the hardness of the material constituting the axle 

shafts is 284.55 HV. 

4.2. Gears 

4.2.1. Visual observations and fractography  

Before isolating each of the components that was 

integrated in the differential, made available to 

analysis, it was observed that the satellite and 

planetary gears were mounted on the differential case 

and meshed with each other, and none of them 

fractured in several pieces, i.e., each one corresponded 

to one piece.. 

The gears, once isolated, were examined to 

identify the fracture mode. Although the gears did 

not fracture in several pieces, their teeth were severely 

damaged, particularly crushing and tooth 

deformation. However, in the planetary gear, named 

gear 4, two rough, grey and dull fracture surfaces 

were observed (Figure 4.11), which indicated that two 

of the teeth had fractured. Thus, it is hypothesized 

that the teeth that fractured, because they were loose 

in the differential, have been responsible for the 

crushing and material flow in the remaining teeth, 

resulting in the shiny surfaces that can be seen in 

Figure 2.5. These surfaces are associated with plastic 

deformation, more precisely to cold flow caused by 

the presence of strange matter with high rigidity and 

overload. In the fracture surfaces of the teeth were 

also identified abrasive wear, destructive pitting and 

random fracture. 

 
Figure 4.11 – Surface of rough, grey and dull fracture of one 

teeth of gear 4. 

According to visual inspection, the fracture 

surfaces of two teeth from gear 4 are rough, grey and 

dull, and to determine the mode of failure associated 

with these, it was resorted to the fractographic 

analysis of the surface presented in the Figure 4.11. 

In the fractographic analysis there is a homogeneous 

surface without the presence of fatigue 

characteristics. The magnification of the surface 

enables the identification of an intergranular fracture 

(Figure 4.12), so it can be concluded that this fracture 

surface resulted from brittle fracture. 

 
Figure 4.12 – Magnification of the fracture surface of 

Figure 4.10. 

Except for the two teeth of gear 4 which result of 

brittle fracture, in the remaining teeth the following 

were observed: presence of material flow (slip), which 

is related due to the high ductility of the material of 

the gear (Figure 4.13);  radial scratches, marks 

present on the fracture surfaces that result from the 

abrasive wear caused by roughness between the 
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contact surfaces; craters that resulted from 

destructive pitting due to high stresses, Figure 4.14. 

 
Figure 4.13 – Plastic deformation and radial scratches on the 

surface of fracture of a tooth of the satellite gear 1. 

 

Figure 4.14 – Destructive pitting on the fracture surface of a 

tooth of satellite gear 1. 

4.2.2. Chemical analysis 

The Energy Dispersive X-ray Spectroscopy (EDS) 

included in the SEM, returned the chemical 

composition of teeth of gear 1, gear 2 and gear 4 and 

this can be found at Table 4.3. Based on the chemical 

composition of the teeth, it is concluded that these 

are made up of the same material as the half shafts 

under study in this work. 

Table 4.3 – Chemical teeth composition of gear 1 (G 1), gear 2 

(G 2) and gear 4 (G 4) (wt.%) 

 G 1  

(tooth D) 
G 1  

(tooth F) 
G 2  

(tooth C) 
G 2  

(tooth O) 
G 4  

(tooth N) 

O 0.45 0.14 – – – 

Si – – – – – 

Mn 0.46 0.83 0.83 0.88 0.72 

P – – – – – 

S – – – – – 

Cr 1.26 1.05 1.03 0.99 1.02 

Fe 97.83 97.98 98.14 98.13 98.26 

4.2.3. Hardness profile 

As mentioned, in the satellite gear’s tooth a cut 

was made in half of its width, perpendicular to its 

crown surface, of which two samples resulted (A_s 

and A_i). 

The values measured in the hardness test are 

shown in Figure 4.15. From the chart analysis, it is 

concluded that the hardness of the material decreases 

to about 5 mm from the tooth surface, followed by a 

stabilization of values.  

 
Figure 4.15 – Vickers hardness variation with increasing 

distance to the surface of the satellite gear tooth. 

Just like a tooth was selected to study the 

variation of hardness in the profile of a tooth of the 

satellite gear, it was also selected a tooth from the 

planetary gear to perform the same study.  

The values measured in the hardness test can be 

seen in Figure 4.16. Its analysis reveals that as the 

distance to the tooth surface increases, the hardness 

of the material decreases.  

 
Figure 4.16 – Vickers hardness variation with increasing 

distance to the tooth surface of the planetary gear. 

Vickers hardness in the analysed teeth begins 

between the values of 410 HV to 463 HV, which are 

small values for hardened surface gears, according to 

Sekercioglu and Kovan [13]. 

5. Calculation notes 

The situations taken into account were: a) when 

the vehicle travels in a straight line and b) when it 

takes tight corners, as these are frequent road sections 

in the circuits travelled by the company TUK ON 

ME, to calculate the stresses in the sections where the 

half shafts were fractured.  

Of the situations considered, the one in which the 

half shafts are most requested corresponds to the 

vehicle taking a corner with the half shafts connected 

to the inner tire, shown in Figure 5.1. Following is an 

explanation of the forces responsible for the stresses 

acting on the half shafts in this situation and the 

calculation of the fatigue safety coefficient.
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Figure 5.1 – Static equilibrium diagram of the half shaft when it is connected with the inner wheel, while cornering (this figure considers 

the corner to the left of the half shaft). 

From the analysis of the circuits travelled by the 

vehicle, it appears that they have tight corners 

(whose radius of curvature are reduced). Thus, the 

radius of curvature assumed in this article was 

deduced based on Ackerman’s geometry for a 

three-wheeled vehicle, which returns the minimum 

curvature radius to the maximum angle allowed by 

the steering wheel, which corresponds to 3 meters, 

according to the mechanical characteristics of the 

vehicle. 

To determine the speed at which the vehicle takes 

the corner, a limit situation was considered as a 

function of the maximum friction between the tire 

and the road. From the friction coefficient of 

road/tire in dry conditions and the weight supported 

by the inner wheel, the maximum grip on the inner 

tire is calculated. Consequently, the speed associated 

with this limit situation is determined, as the 

calculated force corresponds to the lateral force in the 

limit situation which relates to the centrifugal force 

at the centre of mass, which depends on the velocity 

at which it moves.  

As the speed in the limit situation corresponds to 

17.694 km/h, it is considered that the vehicle takes 

the corner at 15 km/h and that its power corresponds 

to a quarter of the engine’s power. 

Given the conditions under which the vehicle 

makes the corner, it is possible to display and 

calculate the forces considered on the half shafts, it is 

important to mention that a movable support was 

considered at point B (bearing green in Figure 5.1) 

and a fixed support at point C (purple bearing in 

Figure 5.1). 

At point A, the tangential component of the 

gearing force that acts on the planetary gear’s teeth 

(𝐹𝑡 = 𝑇) and the torsion moment associated with the 

transmission of this force to the half shaft (𝑇𝐹𝑡) are 

displayed. The calculation of these is preceded by the 

geometric characterization of the conical gears, 

checking the continuity of the gear and the absence 

of interference, considering a pressure angle of 20⁰ and 

the calculation of the planetary gear torque (𝑀2), 

taking into account that in the open differential both 

wheels are subjected to a torque of the same intensity. 

At point D, the force associated with the weight 

supported by the inner wheel (𝐹𝐷), a lateral force 

(𝐹𝑙𝑡,𝑖) and the bending moment associated with its 

transmission to the half shaft (𝑀𝐹𝑙𝑡,𝑖) were considered, 

as shown in Figure 5.1.  

When cornering, the weight on the outer wheel is 

greater than the weight on the inner wheel, i.e., the 

weight on the rear shaft is not evenly distributed 

between both wheels. Thus, 40% of the rear shaft 

weight was considered to go to the inner wheel and 

60% to the outer wheel. As the target in question is 

the half shaft connected to the inner wheel, 𝐹𝐷 

corresponds to the multiplication of 0.4 with the 

weight on the rear axle. 

Since the lateral force applied to the tire 

corresponds to the multiplication of the coefficient of 

friction with the weight supported by the wheel, its 

distribution is equal to the weight distribution on the 

rear axle. Thus, 40% of the rear axle’s lateral force 

goes to the inner wheel and 60% to the outer wheel 

and this lateral force is determined from the 

centrifugal force applied to the centre of mass of the 

vehicle.  

Knowing the forces and moments applied at 

points A and D, the reactions on the supports were 

calculated through the balance of forces and moments 

and, consequently, the tensions in the fractured 

sections were determined, presented in Table 5.1. 
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Table 5.1 – Stresses in the section that fractured in each axle 

 𝜎𝑀 [MPa] 𝜏𝑉 [Mpa] 𝜏𝑇 [Mpa] 

Half shaft 1 138.7 6.891 33.401 

Half shaft 2 409.35 2.866 16.622 

5.1. Safety check of studied components 

To perform the fatigue check, i.e., to determine 

the fatigue safety coefficient, the modified Goodman 

criterion (5.1) and the ASME - elliptic criterion (5.2) 

were considered [14]: 

 
𝜎𝑎

𝑆𝑒
+

𝜎𝑚

𝑆𝑢𝑡
=

1

𝑛
  (5.1) 

 (
𝑛×𝜎𝑎

𝑆𝑒
)
2

+ (
𝑛×𝜎𝑚

𝑆𝑦
)
2

=
1

𝑛
  (5.2) 

where 𝜎𝑎 and 𝜎𝑚 correspond to alternating and mean 

stress, respectively, 𝑆𝑒 to fatigue limit stress and 𝑆𝑢𝑡 

and 𝑆𝑦 to minimum rupture stress and yield stress of 

the material under study in this thesis, respectively. 

In the determination of alternating and mean 

stresses, the equivalent stress of von Mises was used, 

taking into account the stress distribution associated 

with each effort in a circular section. As the half shaft 

1 fractured in a stress transition zone there was a need 

to correct these stresses by the stress concentration 

factor. 

Knowing the alternating and mean stresses, the 

fatigue limit stress and material characteristics, the 

fatigue coefficient associated with each of the criteria 

considered and presented in Table 5.2. was 

calculated. 

Table 5.2 – Fatigue safety coefficients, 𝑛𝑓𝑎𝑡𝑖𝑔𝑢𝑒, of each axle 

 Goodman modified ASME – elliptic 

Half shaft 1 1.22 1.36 

Half shaft 2 0.66 0.68 

6. Conclusions and recommendations  

Based on the studies presented for the half shafts, 

the following conclusions are made: 

1. The half shafts are made from the same material, 

which is a chromium alloy steel. 

2. Both half shafts failed due to fatigue damage, 

based on the fractographic images. 

3. The safety coefficients confirmed that the half 

shafts fractured by fatigue. 

The studies presented for the gears, allowed to 

draw the following conclusions: 

1. Gears are made from the same material. 

2. The surface hardness of these is reduced. 

3. Based on examination of the fractured teeth areas, 

it can be concluded that the gears have been 

exposed to overload. 

4. To avoid brittle fracture, gear life can be improved 

by hardening its compliance flank or by designing 

a sprocket that reduces torque. 

5. To prevent plastic deformation, pitting and wear, 

hardening of the tooth surface is recommended. 
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