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ABSTRACT

A failure happens within the camshaft of the minibus when the vehicle is in utilize. The camshaft was a
fracture within the bearing between the primary cylinder exhaust valve and the second cylinder suction. This
simulation aims to find the causes of camshaft failure utilizing the finite element method with a static
structural approach, including simulations of deformation, strain, stress, fatigue life (stress-life and strain-
life), and cracks. The method used in this paper is the finite element method with a static structural approach
by ANSYS software. The camshaft material is a gray cast iron designed using Solidworks. Pre-processing
includes meshing with a size of 3 mm. The value of loading force (1348.28 N) and torque (113400 Nmm)
are fixed, and the boundary conditions are varied. Processing includes the process of computation and post-
processing into a part that displays the results. The simulation results show that for all the deformation and
strain values that are in the elasticity area of the material, the maximum and minimum stress which is below
the strength of the material, the location of the maximum values of deformation, strain, and stress is not at
the fault location. The simulation of fatigue life both in stress-life and strain-life results in infinite cycles,
which is above 108 cycles, while the simulation of cracks results in a decrease in the cycle. Based on the
simulation results with the above parameters to the camshaft, it was found that a failure was caused by a
defect characterized by reduced fatigue life at the same loading conditions.
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l. Introduction

A combustion engine is a power producer whose complex structure plays an important
role today [1]. Composed of essential components that support each other in generating
power, one of the critical components is the camshaft. The camshaft is a shaft with a cam
that functions to open and close the suction and exhaust valves so that the combustion
process can occur [2]. When a failure occurs, the engine cannot run properly and causes
problems that impact losses [3]. For example, the owner of a Toyota minibus who suffered
a damaged camshaft in a broken car was used. A break occurred between the exhaust valve
of the first cylinder and the inlet cylinder of the second. Repair is the right step to resolve
these problems, but preventive action is also much more critical so that similar failures do
not occur. Taking preventative measures would have to know the causes of an object that
fails, one of them with failure analysis [4].

Static structural failure analysis is an approach to analyze the causes of the failure of a
structure [5]. There are various methods used to analyze the failures using experiments and
simulations. Experiments include macroscopic examination, microscopic examination,
material characterization (metallographic analysis, mechanical testing, chemical analysis),
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and residual stress measurement. Simulation using the finite element method consists of
stress analysis and fracture mechanics. A finite element method is a numerical approach to
engineering problems that have been developed since 1950 [6]. This method has more
advantages compared to experimental testing [7]. The finite element method gives a lot of
variation in the test to provide a broader picture to the researchers. This simulation aims to
find the causes of camshaft failure using the finite element method with a static structural
approach, including simulations of deformation, strain, stress, fatigue life (stress-life and
strain-life), and cracks.

The previous simulation by Patil et al. regarding the camshaft failure analysis is the one
that analyzes the camshaft using the modal and camshaft fatigue on the pump [8]. Wang et
al. predicts camshaft fatigue fracture under bending and torsional loads and provides cracks
[9]. Suhas et al., in 2011, conducted a contact fatigue analysis of the camshaft [10].

I1. Material and Methods
A. Material

The camshaft material was determined by a chemical composition test using the Hilger
E-9 OA701 Spectrometer (Table 1) and compared with the standard to obtain a gray cast
iron material [11]. The mechanical properties of gray cast iron are shown in Table 2.

Table 1. Chemical composition of gray cast iron [11]

Chemical Composition Wt.%
C 3.10-3.60
Si 1.95-2.40
Mn 0.60 —0.90
P Max. 0.10
) Max. 0.15
Cr 0.85-1.25
Mo 0.40 - 0.60
Ni 0.20-0.45

Table 2. Mechanical properties of gray cast iron [11]

Tensile strength 220 MPa
Compression strength 669 MPa
Torsional shear strength 220 MPa
Maximum deflection 4.3 mm

B. Methods

The method used was the finite element method or simulated with the help of ANSYS.
Stages on the finite element method with static structural approaches include pre-processing,
processing, and post-processing.
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1. Pre-Processing

Pre-Processing was the initial step in the simulation. The step was first designing the
camshaft according to actual conditions using Solidworks and export using .sat format
(Figure 1). Then imported into the ANSYS software and added gray cast iron as camshaft's
material. After that, generate mesh with size of 3 mm for accurate results. Meshing produced
339,270 nodes and 226,400 elements for simulating deformation, strain, stress, stress-life,
and strain-life. For crack simulation, it used meshing with default size and tetrahedron
meshing for more stable results.
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Fig. 1. Camshaft's design

Deformation, strain, and stress simulations were carried out with a fixed value loading
force (1348.3 N) at the ends of cam 2 and 3 and torque (113400 Nmm). The support in these
conditions is fixed, and cylindrical support is varied and shown in Table 1 Appendix. This
variation aimed to find the value and location of the highest deformation, strain, and stress.
The location of load (force and torsion) and support is shown in Figure 1.

Fatigue life simulation was done by applying load and boundary conditions which give
the highest stress to the camshaft (obtained from previous simulations). In the fatigue life
approach that uses stress-life and strain-life, defects were ignored, while defects were
applied to the crack simulation approach. The location of the defect in the form of a crack is
shown in Figure 2 with 6 points.

2. Processing

Processing was a calculation step performed by a computer. The calculation was based
on the load and boundary conditions that have been entered in the previous process.

3. Post-Processing

After the calculation process was completed, the post-processing would display the
results of the calculations. In deformation, strain, and stress simulation, the captured data
was the minimum and maximum value of each condition and their distribution indicated by
the color bar on the camshaft (visually). In the life simulation (stress-life, strain-life, and
cracks), the results taken were the fatigue life of the components. Data values (maximum,
minimum, and life) were taken from tabular data generated by ANSYS.
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Fig. 2. Crack location

I11. Results and Discussions
A. Deformation

The deformation simulation results for the maximum values of various conditions are
shown in Figure 3. At conditions 1 to 42, the deformation values are below 0.02 mm. This
condition occurs when all bearings are held both by cylindrical support and a fixed support.
The deformation value then increases at condition 43 and moves up and down in the range
0.02 mm to 0.10727 mm (except 46" condition), which support in 43" to 51 condition is
fixed support on the second bearing. The force exerted in the y-axis direction results in lower
deformation than the force in the yz-axis direction and the torque. The added torque makes
the maximum deformation value increase to 0.005 mm.
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Fig. 3. Maximum deformation of various conditions
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The location of the maximum deformation under which all bearings held and applied is
at the cam end where the force applied (Figure 4 (a)). When torque is used, the location of
the maximum deformation shifts to an area close to the site of the given torque (Figure 4
(b)). However, this does not apply to torque loading with force in the yz direction. The
maximum deformation is at the end of the cam. Different things are shown in the condition
of 43 to 51. When the load is given to 3 cam, the maximum deformation is located at the
left end of the camshaft. At the same time, the force applied to the second cam and the load
torque of maximum deformation is at the right end of the camshaft. The location of
maximum deformation has never been in part a fracture camshatft.
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Fig. 4. Location of maximum deformation at (a) 4" (b) 46" (c) 50" condition
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The maximum deformation value for various conditions is 0.10727 mm, which occurs
in 501" condition (Figure 4 (c)). 50" condition is the loading in the form of a force on 2"
cam and torque and 2" bearing being held. Compared with the maximum deflection value
of the material (4.3 mm), the resulting deformation is far below this value, therefore did not
lead to plastic deformation. The change is unable to reverse and fails [11].

B. Strain
The maximum strain for each condition is shown in the graph in Figure 5. The value of
the strain varies from 0.02% to 0.12%. As with the deformation simulation results, when all

the bearings are held, the result is lower than one bearing. The highest strain was 0.12406%
which occurred at 50" condition (the same as the maximum deformation) (Figure 6 (c)).
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Fig. 5. Maximum strain in various conditions

The location of the maximum strain when only the force is applying with all the bearings
held is on the side cam (Figure 6 (b)). Meanwhile, if the load is torsional, then the location
of the maximum strain is located on the side of the camshaft’s gear (Figure 6 (a)). Both occur

in areas undergoing geometric changes. In the fault area, it has never experienced the highest
strain.

Strain and deformation have a relationship in explaining the changes in shape in objects
[12]. The various loading conditions given indicate that these conditions do not lead to
failure. The strain simulation results confirm it. The resulting strain is below 1%, which
means that the camshaft is deforming elastically [13]. According to Hooke's law, further
evidence shown in the graph of stress and strain in Figure 7 forms a linear line. In terms of
the location where the maximum value is, both deformation and strain show that the
maximum value never occurs in the fracture area.
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C. Stress

Figure 8 shows the maximum and minimum stress results for various conditions. The
stress approach used includes Von Misses, Maximum Principal Stress, and Minimum
Principal Stress. Under conditions when all bearings are held, resulting in lower stress than
one bearing held. Maximum stress on von misses, and principal stress is 136.4 MPa and
79.814 MPa, respectively. Both occur at the 501" condition. Meanwhile, minimum principal
stress is -84.392 MPa that occur at the 51° condition.

Based on Mohr's Modification theory, the failure approach for brittle materials can be
done by comparing the maximum stress with the Ultimate Tensile Strength (UTS) and the
minimum stress with the Ultimate Compressive Strength (UCS) [14]. The Von Misses Stress
simulation yields a higher value than the Principal Stress, and when compared to the tensile
strength of the material (220 MPa), the value is below it. The same thing is also shown by
the Minimum Principal Stress, which is far below the value of the compression material
strength (669 MPa). Both indicate that the stress applied to the camshaft does not result in
failure.
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Fig. 8. Maximum and minimum stress in various conditions
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The location of the maximum stress (Von Misses and Maximum Principal) has the same
position as the maximum strain. The location of the maximum von misses stress, and
principal stress is shown in Figure 19 (a) and (b), while the minimum principal stress is in
Figure 19 (c). Fracture areas tend to be subjected to lower or even lowest stresses when these
conditions are applied. This show that the fault location has never experienced the highest
stress as long as the load is applied.
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at 50" condition (c) minimum principal stress at 51° condition
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Deformation, strain, and stress simulation results are similar. The result is a load applied
to various conditions in the region show elasticity and below the strength of the material. In
terms of location, the highest value has never occurred in a fractured area. In relation to the
failure, the load applied is not the cause of a fracture in the camshaft.

D. Stress — Life dan Strain Life

The stress life and strain life simulations results are shown in Table 3. Simulation of
material fatigue life using stress-life and strain-life approaches is a fatigue approach in which
the camshaft is considering no defects [15] [16]. The applied loading is the condition with
the highest maximum stress and strain in the previous simulation. The results show that for
stress-life, the fatigue life is 2 x 107 cycles. At the same time, the strain life approach is 10°
cycles. Based on the fatigue theory, when the number of cycles reaches 10° without damage,
it can be mentioned that the components can last indefinitely / infinite cycles [17]. This
shows that the stress applied to the camshaft will not break the camshaft or within the
endurance limit of the material.

Table 3. Stress-life and Strain-life result
Stress-life (6 — N) 2 x 107 cycles
Strain-life (¢ — N) 1 x 10° cycles

E. Crack

Simulations with defects to determine the camshaft life are carried out by providing
cracks with shape like in Figure 10 in part shown in Figure 2. Points 1 and 2 are the areas
with the highest stress, and points 3 to 6 are the fracture locations.

crack size ‘
- >

 ———

crack size

Fig. 10. Crack Shape
Figure 11 shows the crack simulation results. The size of the cracks varied from 0.05

mm to 0.5 mm at points 1 and 2. Cracks placed in position 1 gave a lower lifespan than
cracks placed in position 2 (Figure 11 (a)). With a crack size of 0.5 mm, position 2 requires
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88 cycles to break, while position 1 requires 594 cycles. The more minor cracks were 0.05
mm, 39775 cycles, and 302950 cycles at positions 1 and 2 for fracture.

Figure 11(b) shows the simulation results when the crack is placed at points 3 to 6 (fault
area) with a crack size of 0.5 mm to 2 mm. It is seen that the life of crack growth is greater
than that of the cracks placed in positions 1 and 2. Given a crack of 0.5 mm, all four show
an age of more than 1010 cycles.

When compared with the simulation without defect, it is seen that giving a defect
shortens the life of the camshaft with the same load. Although the age values in the stress-
life and strain-life simulations are smaller than the crack simulations at a specific defect size,
this is influenced by the age limits included in the stress-life and strain-life tests. The crack
simulation shows that when the component reaches its maximum value, it indicates that it is
a failure. Thus, camshaft failure results from a defect characterized by reduced fatigue life
under the same loading conditions, and experimental testing is needed to further review the
defects that occur.
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Fig. 11. Fatigue life with variation in crack size (a) Locations 1 and 2 (b) Locations 3-6
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IVV. Conclusions

Based on the simulated parameters (deformation, strain, stress, life, and cracks),
camshaft fracture is not caused by the load applied but by defects. Deformation and strain
simulations show that the resulting value is in the area of elasticity of the material. The
stress-strain graph, which produces a linear line, also reinforces this result. The stress
simulation shows that the highest location of stress does not occur in the fault area, and the
value is below the strength of the material. In the crack simulation, it is seen that giving a
defect shortens the life of the camshaft with the same load as the stress-life and strain-life
simulations. This simulation indicates that the defect results in camshaft failure,
characterized by reduced fatigue life under the same loading conditions.
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Appendix
Table 1. Boundary condition
Condition Cam Support Force (N) Torsi (Nmm)

1 3 Fixed 1348.28 (-y)

2 3 Fixed 1348.28 (2)

3 2 Fixed 1348.28 (-y)

4 2 Fixed 1348.28 (z)

5 3 Cylindrical Support 1348.28 (-y)

6 3 Cylindrical Support 1348.28 (2)

7 2 Cylindrical Support 1348.28 (-y)

8 2 Cylindrical Support 1348.28 (2)

9 3 Cylindrical Support 113400
10 3 Cylindrical Support 1348.28 (-y) 113400
11 3 Cylindrical Support 1348.28 (z2) 113400
12 2 Cylindrical Support 1348.28 (-y) 113400
13 2 Cylindrical Support 1348.28 (z) 113400
14 3 Cylindrical Support + Gear Fixed 1348.28 (-y)

15 3 Cylindrical Support + Gear Fixed 1348.28 (2)

16 2 Cylindrical Support + Gear Fixed 1348.28 (-y)

17 2 Cylindrical Support + Gear Fixed 1348.28 (2)

18 3 Cylindrical Support + 1st Bearing Fixed 1348.28 (-y)

19 3 Cylindrical Support + 1st Bearing Fixed 1348.28 (2)

20 2 Cylindrical Support + 1st Bearing Fixed 1348.28 (-y)

21 2 Cylindrical Support + 1st Bearing Fixed 1348.28 (2)

22 3 Cylindrical Support + 2nd Bearing Fixed 113400
23 3 Cylindrical Support + 2nd Bearing Fixed 1348.28 (-y)

24 3 Cylindrical Support + 2nd Bearing Fixed 1348.28 (2)

25 2 Cylindrical Support + 2nd Bearing Fixed ~ 1348.28 (-y)

26 2 Cylindrical Support + 2nd Bearing Fixed 1348.28 (2)

27 3 Cylindrical Support + 2nd Bearing Fixed = 1348.28 (-y) 113400
28 3 Cylindrical Support + 2nd Bearing Fixed ~ 1348.28 (2) 113400
29 2 Cylindrical Support + 2nd Bearing Fixed  1348.28 (-y) 113400
30 2 Cylindrical Support + 2nd Bearing Fixed ~ 1348.28 (2) 113400
31 3 Cylindrical Support + 3rd Bearing Fixed 1348.28 (-y)

32 3 Cylindrical Support + 3rd Bearing Fixed 1348.28 (2)

33 2 Cylindrical Support + 3rd Bearing Fixed 1348.28 (-y)

34 2 Cylindrical Support + 3rd Bearing Fixed 1348.28 (2)

35 3 Cylindrical Support + 4th Bearing Fixed 1348.28 (-y)

36 3 Cylindrical Support + 4th Bearing Fixed 1348.28 (2)

37 2 Cylindrical Support + 4th Bearing Fixed 1348.28 (-y)

38 2 Cylindrical Support + 4th Bearing Fixed 1348.28 (z)

39 3 Cylindrical Support + 5th Bearing Fixed 1348.28 (-y)

40 3 Cylindrical Support + 5th Bearing Fixed 1348.28 (2)
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41 2 Cylindrical Support + 5th Bearing Fixed 1348.28 (-y)

42 2 Cylindrical Support + 5th Bearing Fixed 1348.28 (2)

43 3 2nd Bearing Fixed 113400
44 3 2nd Bearing Fixed 1348.28 (-y)

45 3 2nd Bearing Fixed 1348.28 (2)

46 2 2nd Bearing Fixed 1348.28 (-y)

47 2 2nd Bearing Fixed 1348.28 (2)

48 3 2nd Bearing Fixed 1348.28 (-y) 113400
49 3 2nd Bearing Fixed 1348.28 (2) 113400
50 2 2nd Bearing Fixed 1348.28 (-y) 113400
51 2 2nd Bearing Fixed 1348.28 (2) 113400
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