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Abstract 

During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of PCF 2016. 

Keywords: High Pressure Turbine Blade; Creep; Finite Element Method; 3D Model; Simulation. 

 

 

 
* Corresponding author. Tel.: +351 218419991. 

E-mail address: amd@tecnico.ulisboa.pt 

2452-3216 © 2016, PROSTR (Procedia Structural Integrity) Hosting by Elsevier Ltd. All rights reserved.
Peer review under responsibility of the Scientific Committee of PCF 2016.
10.1016/j.prostr.2016.02.042

M. Fonte et al. / Procedia Structural Integrity 1 (2016) 313–318

© 2016, PROSTR (Procedia Structural Integrity) Hosting by Elsevier Ltd. All rights reserved.
Peer-review under responsibility of the Scientific Committee of PCF 2016.

 

Available online at www.sciencedirect.com 

ScienceDirect 

Structural Integrity Procedia 00 (2016) 000–000  
www.elsevier.com/locate/procedia 

 

2452-3216 © 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of PCF 2016.  

XV Portuguese Conference on Fracture, PCF 2016, 10-12 February 2016, Paço de Arcos, Portugal 

Failure mode analysis of two diesel engine crankshafts 

M. Fontea,b*, V. Infanteb, M. Freitasb, L. Reisb 
a Escola Superior Náutica (ENIDH), Av. Engenheiro Bonneville Franco, 2770-058, Paço de Arcos, Portugal 

 bIDMEC, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1, 1049-001 Lisboa, Portugal 

Abstract 

A failure analysis of two damaged crankshafts are presented: one obtained from a diesel engine of a mini backhoe, 
and another one from an automobile vehicle. The diesel motor suffered a serious mechanical damage after 3 years 
and 5000 hours in service: the connecting rod nº 3 broke and, in consequence, the crankcase and motor block 
suffered damage. The motor was repaired by a non-authorized workshop, but maintaining the same crankshaft 
without being properly inspected. After 1100 hours working the crankshaft failed on the 3rd crankpin. The second 
crankshaft failed after 105 000 km in service. In both crankshafts a crack grew from the crankpin-web fillet, and 
their symmetric semi-elliptical crack front profiles confirms the effect of a pure mode I (reversed bending). 
Fractographic analyses show the semi-elliptical beach marks and results indicate that fatigue fracture was the 
dominant failure mechanism of these two crankshafts.  
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1. Introduction 

Power shafts are the most highly stressed engine components and also those of more common failures by fatigue 
being the primary cause of failure of crankshafts in internal combustion engines. Diesel engine crankshafts run with 
harmonic torsion combined with cyclic bending stress due to radial loads of combustion chamber pressure 
transmitted from the pistons and connecting rods, to which inertia loads from pistons and connecting rods have to be 
added, Espadafor et al. (2009), Becerra et al. (2011). Crankshafts are commonly used in power transmission devices 
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with a wide range of applications from small one cylinder to very large multi-cylinder marine engines, Williams and 
Fatemi (2007). A crankshaft is the part of an engine which translates reciprocating linear piston motion into rotary 
motion. The connecting rod big end transmits the gas pressure from each cylinder to every crankpin as forces 
distribute along the crankpin surface, being the forces decomposed in tangential which produce engine torque and 
radial, and bending on the crankshaft. It generally connects to a flywheel to reduce the pulsation characteristic of the 
four-stroke cycle, and sometimes a torsional or vibrational damper is assembled at the opposite end, in order to 
reduce the torsion vibrations. A crankshaft is a component that is intended to last the lifetime of the engine and/or 
vehicle. Being a high speed rotating component, its service life can perform millions of cycles of repetitive loading 
and therefore a crankshaft is typically designed for infinite life, Montazersadgh and Fatemi (2007).  

Failure analysis is a process for determining the causes or factors that leads an undesired loss of functionality. 
Large research done on the fatigue domain clearly indicates that the problem is not completely overcome. 
Understanding the root cause for failures is required to avoid recurrence and prevent failure in similar components. 
The failure analysis and laboratory testing can avoid many future failures as well as the design improving, the 
materials selection, the manufacturing process, and also the low cost maintenance. Therefore the study of failure and 
the knowledge of its operating history are of prime importance for any accurate and reliable analysis. It is well-
known that the worst of all is to learn with catastrophic failures which can lead to the loss of lives and costs.  

Endurance curves, well-known as Wöhler curves, or S-N curves, mainly obtained under rotating or reversed 
bending, or, more recently, by ultrasonic fatigue, has significantly contributed for the knowledge of materials fatigue 
behaviour leading to a significant improving of fatigue life of structures and components based on a reliable design 
against fatigue failure. Failures can arise from several root causes, namely sudden overloads, improper engine 
operating and maintenance, or by fatigue, a phenomenon which results from the cyclic loadings with stress levels 
lower than yield or ultimate strength of material. 

The presence of stress concentrations, or notches, in crankshafts is unavoidable. Anywhere on the crankshaft 
where there is a change in diameter, there exists a stress concentration which could lead to fatigue failure, whereby 
fillets are used in an attempt to reduce the severity of the stress concentration. The crack initiation in crankshafts is 
well localized and its origin is generally close to the crankpin-web fillets, or on main journal fillets. An incorrect 
fillet radius or a wrong rectification of crankpin and main journal fillets can originate a crack initiation. The fillets in 
a crankshaft are often rolled in order to induce compressive residual stresses in the component, which can help 
offset the effects of the notch. The effects of residual stresses on crankshaft fatigue were analysed by Chien et al. 
(2005). The study also used resonant bending tests, where Finite Element Analysis (FEA) revealed that the 4th mode 
shape induced bending in the section of the crankshaft. Concerning the crankshafts and its catastrophic failures, the 
failure mode analysis has been widely studied so far and some case study results can be found in recent literature, 
Alfares et al. (2007), Infante et al. (2013), Freitas et al. (2011).  

Counterweights balance the off-centre weight of both crankpin, and webs compensate the centrifugal force 
generated by the crankshaft rotation speed. Without such balance, the crank action will create severe vibrations, 
particularly at higher speeds, leading to the crankshaft to become damaged if such vibrations are not controlled. Due 
to such abnormal vibrations the loosening of bolts frequently also happens. Counterweights use the inertia to reduce 
the pulsating effect of power impulses with the same manner as the flywheel which is also used to store rotational 
energy. The flywheel absorbs the energy during the motor cycle impulse and returns to the crankshaft at the dead 
points of two-stroke or four-stroke engines. The fatigue strength of crankshafts is usually increased by using a radius 
at the ends of each main and crankpin bearing. The radius itself reduces the stress in these critical areas, but since 
the radius in most cases are rolled, this also leaves some compressive residual stress in the surface which prevents 
cracks from forming. High performance crankshafts, billet crankshafts in particular, tend to use nitridization instead.  

This work reports an investigation carried out on two damaged crankshafts of two diesel engines. One belongs to 
a mini backhoe and another one was from an automobile vehicle. The engine manufactures have been omitted to 
preserve the anonymity, which is unnecessary for the failure mode analysis.  



 M. Fonte et al. / Procedia Structural Integrity 1 (2016) 313–318 315
2 Author name / Structural Integrity Procedia  00 (2016) 000–000 

with a wide range of applications from small one cylinder to very large multi-cylinder marine engines, Williams and 
Fatemi (2007). A crankshaft is the part of an engine which translates reciprocating linear piston motion into rotary 
motion. The connecting rod big end transmits the gas pressure from each cylinder to every crankpin as forces 
distribute along the crankpin surface, being the forces decomposed in tangential which produce engine torque and 
radial, and bending on the crankshaft. It generally connects to a flywheel to reduce the pulsation characteristic of the 
four-stroke cycle, and sometimes a torsional or vibrational damper is assembled at the opposite end, in order to 
reduce the torsion vibrations. A crankshaft is a component that is intended to last the lifetime of the engine and/or 
vehicle. Being a high speed rotating component, its service life can perform millions of cycles of repetitive loading 
and therefore a crankshaft is typically designed for infinite life, Montazersadgh and Fatemi (2007).  

Failure analysis is a process for determining the causes or factors that leads an undesired loss of functionality. 
Large research done on the fatigue domain clearly indicates that the problem is not completely overcome. 
Understanding the root cause for failures is required to avoid recurrence and prevent failure in similar components. 
The failure analysis and laboratory testing can avoid many future failures as well as the design improving, the 
materials selection, the manufacturing process, and also the low cost maintenance. Therefore the study of failure and 
the knowledge of its operating history are of prime importance for any accurate and reliable analysis. It is well-
known that the worst of all is to learn with catastrophic failures which can lead to the loss of lives and costs.  

Endurance curves, well-known as Wöhler curves, or S-N curves, mainly obtained under rotating or reversed 
bending, or, more recently, by ultrasonic fatigue, has significantly contributed for the knowledge of materials fatigue 
behaviour leading to a significant improving of fatigue life of structures and components based on a reliable design 
against fatigue failure. Failures can arise from several root causes, namely sudden overloads, improper engine 
operating and maintenance, or by fatigue, a phenomenon which results from the cyclic loadings with stress levels 
lower than yield or ultimate strength of material. 

The presence of stress concentrations, or notches, in crankshafts is unavoidable. Anywhere on the crankshaft 
where there is a change in diameter, there exists a stress concentration which could lead to fatigue failure, whereby 
fillets are used in an attempt to reduce the severity of the stress concentration. The crack initiation in crankshafts is 
well localized and its origin is generally close to the crankpin-web fillets, or on main journal fillets. An incorrect 
fillet radius or a wrong rectification of crankpin and main journal fillets can originate a crack initiation. The fillets in 
a crankshaft are often rolled in order to induce compressive residual stresses in the component, which can help 
offset the effects of the notch. The effects of residual stresses on crankshaft fatigue were analysed by Chien et al. 
(2005). The study also used resonant bending tests, where Finite Element Analysis (FEA) revealed that the 4th mode 
shape induced bending in the section of the crankshaft. Concerning the crankshafts and its catastrophic failures, the 
failure mode analysis has been widely studied so far and some case study results can be found in recent literature, 
Alfares et al. (2007), Infante et al. (2013), Freitas et al. (2011).  

Counterweights balance the off-centre weight of both crankpin, and webs compensate the centrifugal force 
generated by the crankshaft rotation speed. Without such balance, the crank action will create severe vibrations, 
particularly at higher speeds, leading to the crankshaft to become damaged if such vibrations are not controlled. Due 
to such abnormal vibrations the loosening of bolts frequently also happens. Counterweights use the inertia to reduce 
the pulsating effect of power impulses with the same manner as the flywheel which is also used to store rotational 
energy. The flywheel absorbs the energy during the motor cycle impulse and returns to the crankshaft at the dead 
points of two-stroke or four-stroke engines. The fatigue strength of crankshafts is usually increased by using a radius 
at the ends of each main and crankpin bearing. The radius itself reduces the stress in these critical areas, but since 
the radius in most cases are rolled, this also leaves some compressive residual stress in the surface which prevents 
cracks from forming. High performance crankshafts, billet crankshafts in particular, tend to use nitridization instead.  

This work reports an investigation carried out on two damaged crankshafts of two diesel engines. One belongs to 
a mini backhoe and another one was from an automobile vehicle. The engine manufactures have been omitted to 
preserve the anonymity, which is unnecessary for the failure mode analysis.  
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2. Material, crankshaft failure description and procedures 
 
2.1 Crankshafts material and failure description 
 

A failure analysis of two damaged crankshafts (4 cylinders) of well-known car brands are presented: one 
obtained from a diesel engine of a mini backhoe and another one from an automotive vehicle. The first one suffered, 
after 3 years and 5000 hours in service, a mechanical damage because the connecting rod of 3rd crankpin broke and, 
in consequence, the crankcase and the engine block were destroyed. The diesel engine of the mini backhoe was 
repaired by a non-authorized workshop but maintaining the same crankshaft, but without any proper inspection and 
control of straightened. After 1100 hours, six months, and about 132 x 106 cycles working, the crankshaft failed at 
the 3rd crankpin close to the crankpin web-fillet. It can be seen that the fracture took place at the 3rd crankpin, and 
the crankshaft broke into two pieces. The second one failed after 105 000 km at the 1st crankpin, between web nº 1 
and web nº 2. Some technical data of these two diesel engines are presented in Table 1. Samples were taken from the 
crankshafts and they were cut from the crankpins close to the journal webs. 

 
Table 1 – Main characteristics of two diesel engines. 

4-stroke 
diesel 
engine  

crankpin / 
main journal 

diameter [mm] 

power 
[kW/hp] at 
3000 rpm 

torque at 2500 
rpm 

[Nm] 

compression aspiration capacyty 
[cm3] 

stroke/bore 
[mm] 

nº 1 51.5 / 67.5 38/51  143  1:24 natural asp. 2200 84/100 
nº 2 45.0 / 60.0 135/183  380 1:16 turbocharger 2000 90/84 

 
 

 
 

Fig. 1. General view of crankshaft nº 1 and a close-up of the fracture on the 3rd crankpin.  
 
 

Fig. 2 shows the crankshaft nº 2 with the technical nomenclature, where is seen the 1st crankpin fracture and the 
crack initiation site at the crankpin and web nº 1. 
 

 
 

Fig. 2. Crankshaft nº 2 with the fractured 1st crankpin. 

main journal counterweights crankpin 

crack initiation site 
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3. Results and discussion 

3.1 Micrographs and hardness  

Samples were taken from the two crankshafts, in a transversal crankpin axis, where the lubricating oil channels 
can also be seen. Macrographs are obtained for both materials and the mean Vickers hardness (HV) measurements 
are shown in Fig. 3: (a) HV 330 at the core and HV 590 at the zone of heat treatment (~3mm depth) for the 
transversal section of the 3rd crankpin of crankshaft nº 1 and (b) for the 1st crankpin of crankshaft nº 2, HV 287, 
with absence of any induction hardening layer. 

 

 
Fig. 3. Macrograph of 3rd crankpin of the crankshaft nº 1, where is clear seen the heat treatment on the surface (~3 mm depth), and the 

macrograph of 1st crankpin of the crankshaft nº 2, without any heat treatment. 
 
The chemical composition was obtained by semi quantitative analysis carried out by EDS attached to the SEM. 

The microstructure of the material in various regions was observed by optical microscopy and the fractured surfaces 
were observed visually and using scanning electron microscopy (SEM). Fig. 4 show the micrographs of the 3rd 
crankpin of crankshaft nº 1, where is seen: (a) the micrograph (50x magnification) at the transition of crankpin steel 
core to the heat treatment at the crankpin surface;  (b) and (c) the microstructure of steel for different magnifications 
(500x and 1000x). Crankpins and main journals of crankshaft nº1 have an induction-quenched and depth of 
induction-hardening case is specified as 3 mm. The mean hardness value at the induction hardening layer is about 
HV 590. According to the qualitative chemical composition obtained by spectrometer, this steel seems to be a steel 
forging of SAE 5000 grade which presents an induction surface hardening treatment.  

 

 
 

Fig. 4. (a) Micrograph of heat treatment transition on the transversal crankpin surface at 50x and (b) 500x and 1000x magnifications. 
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Fig. 5 (a), (b) and (c) show the transversal crankpin surface microstructure of crankshaft nº 2, for different 100x, 
200x and 500x magnifications, respectively. Observing the microstructure, the matrix is formed by ferrite and 
pearlite. The mean hardness measured is about HV 278.  

 
 

 
 
 
 
 
 
 
 
 

 
 

Fig. 5. Micrographs of the 1st crankpin, obtained from the crankshaft nº 2, for 100 x, 200 x, and 500x magnifications. 
 
 

3.2 Scanning Electron Microscope analysis  
 

Both samples were observed by SEM close to the zone where the cracks were initiated. Defects of material or 
micro notches as result of machining were not found, see Fig. 6 and Fig. 7, for each observation, on the 3rd crankpin 
(crankshaft nº 1) and 1st crankpin  (crankshaft nº 2), respectively. In Fig. 7 (c) the crack initiation zone shows some 
ratchets marks which can point to some severe stress concentration, Infante et al. (2013).  

In both crankshafts a fatigue crack grew at crankpin-web fillets, and the symmetric semi-elliptical crack front 
profiles confirms the effect of a pure mode I (reversed bending) at crankpins, with pin webs opening and closing. 
The catastrophic failure of crankshaft nº 1 was a consequence of inadequate repairing by a non-authorized 
manufacturer, after a catastrophic failure with the connecting rod nº 3. The crankshaft suffered a misalignment by 
bending and was not properly verified and corrected, or also replaced. The fracture surface morphology (brilliant 
surface crack and semi-elliptical crack fronts, with a focus on the crack initiation) indicates that the fatigue was the 
dominant failure mechanism. 

 

 
Fig. 6. SEM observations close to the crack initiation site pointed by the white arrow on the left. 

 
The second one, crankshaft nº 2, failed after 105 000 km in service. The crankshaft broke on the 1st crankpin, and 

the fracture morphology also indicates a failure by fatigue, with the crack initiation on the root of crankpin web-
fillet. As the crankpins have a translation movement, a pure mode I exists only, and this is the dominant mechanism 
of failure. The effect of torsion on the crankpins was found to be negligible, Montazersadgh et al. (2007). 
Misalignment of main journal bearings introduces stress bending (mode I) on the crankpins during its translation 
movement, working like a cantilever bending.  

a b 
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Fig. 7. SEM observation at the crack initiation site pointed by the black arrow on the left. 
 
In both cases, the fracture took place along the web radius, and transverse to the axis of the crankshaft as is seen 

in Fig. 1 and Fig. 2. Due to eventually misalignment of crankshaft, main journal bearings conditions, bedplate, and 
also the strong effect of high force level exerted by the connecting rod end on the crankpin, between the adjacent 
webs, can origin fatigue crack initiations. These morphological observations at initiation points indicate a fatigue 
failure at high cycle-low stress type, with the final overload fracture area reduced. In these cases it was possible to 
find the origin of the fracture by tracking back the beach marks, which was found to be at the web radius region. In 
general the fracture morphology surfaces show a brittle fracture with typical beach marks and semi-elliptical crack 
front profiles. 

 
4. Conclusions 

 
According to the above analysis, both crankshafts have failed by fatigue, under alternating (reversed) bending, 

opening mode I. Cracks began at the crankpin web-fillets where the stress concentration was higher, both as a 
consequence of main journal or crankshaft misalignments. The diesel engine nº 1 was damaged at 5000 hours in 
service when the connecting rod has fractured and, in consequence, the crankshaft eventually suffered a distortion. 
As it was not properly checked after 1100 hours in service the crankshaft broke on the crankpin nº 3 where the 
connecting rod had fractured before. The crankshaft being a power shaft and rotating at many revolutions per minute 
should deserve a special care and must not be assembled and repaired by a non-authorized workshop. The crankpin 
nº 1 of crankshaft nº2, after 105 000 km, probably was damaged due to a misalignments of main journal bearings. 
Thus a correct alignment of crankshafts and main journal bearings play an important role on the fatigue life 
improving, being the crankpin web-fillets the critical zones where the cracks can initiate. 
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