
Vol.:(0123456789)1 3

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2020) 42:244 
https://doi.org/10.1007/s40430-020-02326-1

TECHNICAL PAPER

Analysis of fatigue crack growth in cylinder head bolts of gasoline 
engine based on experimental data

Karim Aliakbari1 · Tohid Akbarpour Mamaghani1

Received: 14 December 2019 / Accepted: 31 March 2020 / Published online: 20 April 2020 
© The Brazilian Society of Mechanical Sciences and Engineering 2020

Abstract
Engines cylinder head bolts failure from the thread location in cylinder block causes the problems during repairing time. 
Exact prediction of fatigue crack growth in bolts by experimental analysis and finite element method modeling can affect 
the Maintenance Planning and Scheduling Implementation. In this study, the fatigue analysis of cylinder head bolts of a 
four-cylinder gasoline engine imposed by premature failure is investigated. The bolts suffer a mechanical seizure on the 
threads about 2 × 108 cycles in service. For such aim, standard specimens are cut off from the bolts and examined to evalu-
ate the mechanical properties and material chemical composition. Optical microscopes and scanning electron microscopy 
are employed to consider the microstructures, defects, fracture surface and failure cause. The morphology of the fracture 
surface shows the fatigue crack growth marks, including the beachmarks, the ratchet marks and the river cracks. The finite 
element analysis model is presented applying the elastic–plastic finite element analysis for the bolts under variable combus-
tion pressure. The stress history is then used to calculate stress intensity factors and fatigue life of bolts. Numerical results 
show that crack existence to depth of 0.35 mm is the source of failure of premature fracture.
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Abbreviations
HV  Vickers hardness (HV)
FG  Maximum gas force (N)
FPT  Pre-tightening force (N)
FT  Force generated by the engine heat (N)
ACyl  Cylinder area  (m2)
KI  Stress intensity factor (MPa.m0.5)
FI  Boundary correction factor (−)
BS  Applied tensile stress (MPa)
Kmax  Maximum mode I stress intensity factor (MPa.

m0.5)
Kop  Crack first opens (MPa.m0.5)
ΔKeff  Effective stress intensity factor (MPa.m0.5)
C  Material constant (m/cycle)
n  Material constant (−)
k  Nut factor
i  Number of cylinder head bolts per any cylinder

N  Fatigue life (cycle)
a0  Crack initial length (m)
af   Crack final length (m)

Greek letters
�  Correction coefficient
∅  Parametric angle
�  Stress (Pa)

Subscripts
G  Gas
Cyl  Cylinder
f  Final
tot  Total
max  Maximum
eff  Effective
p  Proposed

1 Introduction

Cylinder head bolts failure in automobile engines occurs due 
to various factors such as excessive torque applied to bolts, 
bolts fatigue, corrosion effect, thermal residual stresses in 
bolts, inappropriate material and unsuitable connection 
when bolts are inserted into cylinder blocks. The initiation 
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of the crack and cracks growth occur in the threads, which 
are the stress concentration points. Accordingly, the identi-
fication of these points and the amount of stresses in these 
points can be very useful for research with nondestructive 
tests and fatigue life estimation methods [1, 2].

Fonte et al. [3] analyzed failure analysis of the cylinder 
head studs used in the marine main engine. Calculations of 
the studs pre-tightening showed that cause of failure was a 
significant high stress concentration mainly at the second 
thread root of the studs, close to the bottom side of the nut. 
Yu and Xu [4] analyzed the cylinder head bolts failure analy-
sis used in the diesel engine of the truck. Fracture in the 
smooth rod and threaded end sections was occurred during 
initial tightening. Studies of failure surface and metallurgy 
showed that the fracture surfaces and microstructure of the 
two failed bolts have similar characteristics, and the fracture 
surfaces showed the fracture of cleavage and quasi-cleavage 
characteristics.

Aliakbari [5] investigated the failure analysis of base plate 
bolts of radial forging machine. Stress analysis indicated that 
the amount of pre-tightening selected lower than the pro-
posed value leads to the joint loosening and shortened the 
bolt’s fatigue life. Casanova and Mantilla [6] analyzed the 
failure of bolts employed to connect the turbine to the shaft 
of a hydroelectric power generator. Three of the ten bolts 
were broken during the disassembly process for replacing 
the turbine. The results showed that some of the scratches 
in the roots of the thread produced during the machining 
process and then corrosion during the working operation 
significantly have affected fatigue life. Zhu et al. [7] studied 
the failure analysis in the connecting rod cap and the con-
necting bolts of reciprocating compressor that were exposed 
to complex dynamic loads. Numerical and experimental 
results have demonstrated that reason of fatigue fracture 
was in high cycles. The initial crack location was consistent 
with the concentration of high stress in the curvature posi-
tion of the connecting rod cap that before the connection of 
the bolts were broken. Molaei et al. [8] reviewed the failure 
of the sixteen connecting bolts of a filter press cylinder–pis-
ton system. They analyzed the state of bolt stress during 
service conditions, and the failure reasons were gathered 
from analysis of fracture and data. According to the results, 
it was concluded that due to insufficient torque applied to 
the bolts during assembly process, the bolts were damaged 
by fatigue mechanism. Kong et al. [9] analyzed the broken 
U-shaped bolts during the vehicle test. The cause of failure 
was studied using the tests of dimensional, macro–micro 
observations, metallographic, hardness and tensile prop-
erty. The results showed that U-shaped bolts and nuts were 
imposed by fatigue fracture. The failure of the U-shaped 
bolts and nuts was due to the presence of densely distributed 
surface micro-cracks, small dimensions, surface decarburi-
zation appearance and low strength of materials. Qiu et al. 

[10] analyzed the three main factors of bolt connections in 
slewing bearings by orthogonal design. They showed that 
the preload impact and the height of the bushes were more 
important than the friction coefficient of the contact sur-
face between the bolt and the connection part. Jeong et al. 
[11] analyzed the processes of joining and releasing of bolt 
in joining bolts with different thickness and strength using 
finite element method. Their results indicated that in order 
to resolve of thread failure, the depth of connection should 
be chosen as low as possible. Pilone et al. [12] analyzed the 
failure of the bolt connections used to hold the lights in the 
tunnels of a highway. Studies indicated that failure is due 
to a deep corrosion process, with sodium chlorides sprayed 
inside tunnels during the winter to prevent freezing of the 
road. Studies also showed that corrosion only affects the 
bolts, while all other components of the joints were intact. 
The EDS analysis showed that stainless steel bolts were the 
copper type which did not have a relatively good corrosion 
resistance.

In most of the previous studies, the focus was on evaluat-
ing the determination of stress concentration points and the 
investigation of the microstructure of the bolt material, but 
the effect of the stress field on the fatigue life of bolt is a 
discussion that has not been considered very much. In sum-
mary, the innovations and objectives of the current study can 
be expressed as follows:

• Estimating the fatigue life of the bolts under the influence 
of stress fields with real geometry and comparing with 
the actual fatigue life of the broken bolts.

• Preparing experimental measurements on failure analy-
sis including mechanical properties (hardness and ten-
sile test), chemical composition of material and material 
microstructure using optical microscope (OM) and frac-
tography of fracture surface by using scanning electron 
microscope (SEM) equipped with energy-dispersive 
spectrometry (EDS).

• Analyzing the failure causes and providing solutions to 
improve fatigue life.

2  Experimental work review method

The geometric dimensions are measured with the Microm-
eter and Vernier Caliper of the Mitutoyo Corporation of 
Japan. The accuracy of the Micrometer and the Vernier 
Caliper is 0.01 mm and 0.05 mm, respectively. Macroscopic 
observations are done using a Samsung 8MP AF camera 
with a 1.22-μm pixel size.

The chemical composition of the cylinder head bolt 
is examined according to ASTM E415-14 [13] and 
ASTME1086-14 [14] standards by SPECTROMAXx manu-
factured in Germany.
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To examine the hardness and microstructure, a cross sec-
tion of bolt with thickness of 15 mm is cut by the wire-
cut EDM machine and then is machined from both sides. 
Grinding is done using sandpapers no. 60 to no. 1200, and 
fine polishing is used by diamond paste. Washing in alcohol 
and drying in hot air are used as the final step of finishing. 
Microstructure revealing, immersion etching is performed 
using aqueous solution of Nital 2%. Then, microscopic 
images are made using optical microscope (OM) from dif-
ferent areas of the bolt cross section. Finally, hardness test 
is performed using a hardness measurement device under 
30 kg applied force for 10 s according to ASTM: E384-11e1 
[15] standard.

For evaluating the mechanical properties of the bolt mate-
rial, such as ultimate stress (US), yield stress (YS) and elon-
gation, the samples are machined by a CNC lathe. The sam-
ples are then tested in accordance with the ASTM E8M-97a 
[16] standard and Ref. [17–20] by test machines. The results 
of the experiment are stored at the sampling rate of 2 times 
per second in the form of force–displacement. The length 
variation of the specimens is measured by an extensometer 
with a length of 50 mm. In order to perform the test, the 
motion speed of the machine grips is set at 0.50 mm.min−1.

For investigation of the fracture surface, the broken bolts 
are first cut by an EDM machine and the samples are placed 
in an ultrasonic bath for one hour, and then, images are made 
with high magnifications by SEM machine model LEO 145 
OVP having EDS model 7335. EDS is able to measure the 
chemical composition of the base material and impurities 
inside and around the crack zone.

Fatigue crack growth tests were carried out using 
three compact tension (CT) specimens and to prepare the 
CT specimens were carried out according to The ASTM 
E647-11 [21] standard. The CT specimens were subjected 
to constant amplitude fatigue loading under stress ratio 
R = �min∕�max = 0.83 . Fatigue cycling was sinusoidal 
with a frequency of 10 Hz.

3  Results and discussion

In this research, studying of engine cylinder head bolt failure 
in the features of this engine is shown in Table 1. Figure 1 
indicates the fracture location of the bolts threads.

3.1  Material properties of cylinder head bolt

The chemical composition of the material forming compo-
nent of the broken cylinder head bolt is listed in Table 2, in 
comparison with the applicable standard characteristic, in 
percentage by weight. The values of the elements specified 
in Table 2 are equivalent to DIN1.7034 steel in the DIN EN 
10083-3:2007-01 [22] standard.

The mechanical properties of the cylinder head bolt mate-
rial compared to the applicable standard specifications are 
listed in Table 3. The first to forth row of Table 3 shows 
average values of the three examined samples. Figure 2a 
shows the results of tensile tests at 24 °C (ambient tem-
perature), and Fig. 2b shows the results of tensile tests at 
24 °C, 200 °C, 300 °C and 400 °C temperatures, respec-
tively. Because of better graphs representation and unneces-
sary for high strains in the present work, they are plotted at 
high magnification and up to 1% strain as Ref. [20]. Also, 
the value obtained from the tensile test at ambient tempera-
ture is within the equivalent standard characteristics to steel 
DIN1.7034/37Cr4.

Figure 2a, b show a proof which demonstrates that the 
mechanical strength of the material is significantly reduced 
by increasing the temperature, especially from the ambient 
temperature of 24–300 °C, as the tensile strength does not 
decrease minimally in the temperature range of 300–400 °C. 
The tensile strength at 400 °C is about 799 MPa, which is 
almost 70% of that at 24 °C.

3.2  Hardness and micrographs

Figure 3a, b, respectively, show the micrograph of the sam-
ple cross section of the bolt and the thread, with a magni-
fication of 50X by OM, and also Fig. 4a, b, respectively, 

Table 1  Engine specifications and conditions

1 Engine configuration 4 stroke- cycle, petrol

2 Displacement (cc) 1800
3 Bore × stroke (mm) 81.4 × 83
4 Max. power (hp/rpm) 100/4250
5 Max. torque (kg.m/rpm) 14/4000
6 Cooling type Water cooling
7 Combustion type Multi-point injection (MPI)
8 No. of cylinder 4 in-line
9 Firing order 1–3–4–2
10 Compression ratio 9.4:1

Fracture location

M11×1.5 bolt

Fig. 1  Photograph of the broken down three bolts at the threads



 Journal of the Brazilian Society of Mechanical Sciences and Engineering (2020) 42:244

1 3

244 Page 4 of 12

show the micrograph of the sample cross section of the 
bolt and the thread, with a magnification of 1000X by 
SEM. In this images, the steel microstructure shows the 

tempered martensitic type. The oxidized inclusions are 
found in great amounts on the etched areas in Figs. 3 and 
4. For the inclusions investigation, the chemical composi-
tion by EDS is extracted from the sample cross section of 
the bolt and the thread, one of which is shown in Fig. 5. 
EDS examination of the sample cross section as shown 
in Fig. 5 reveals MgO and Al2O3 oxide inclusions. The 
presence of these inclusions according to Refs. [23, 24] 
is harmful to both the surface quality and forming prop-
erties of the final products. Also the presence of sharp 
oxide inclusions can cause stress concentration, which in 
turn results in crack growth due to the cyclic load of the 
combustion chamber pressure.

Figure 6a, b show the failed and sound threads micro-
graph of the bolt at 5X magnification, respectively. Fig-
ure 6a indicates thread corrosion effect that is related to 
the leak of the engine coolant resulted from the failure of 
the cylinder head gasket and cylinder head. One reason for 
premature failure of bolts is due to stress corrosion crack-
ing (SCC) or localized pitting as indicated in Refs [25–28]. 
Corrosion depth is about 0.15 mm. Depth of corrosion can 
be one of the causes of fatigue crack initiation, but there 
are other causes as well as extra preload.

Then, hardness test is performed on the basis of the 
Vickers criteria according to the ASTM: E384-11e1 [15] 
standard and Bolts ISO: 898-1: 2009 (E) [29] standard on 
cross sections of the bolt and thread by hardness devices. 
First, a hardness test on the cross section of the specimen 
is performed with a force of 30 kg in 10 s and the hardness 
of the bolt center to the outer diameter of the bolt is plotted 
in Fig. 7. Then, hardness test is performed on three differ-
ent threads on the wire cut specimen. The thread Vickers 
hardness is measured at points 1 and 2 of Fig. 7 in accord-
ance with the requirements of Table 18 of ISO 898-1: 2009 
(E) [29]. Molaei et al. [7] and Grimsmo et al. [30] obtained 
acceptable results for testing the bolt threads hardness 
using this standard. The test force is selected according 
to the standard 2.942 Newton (Vickers hardness test HV 
0.3). The Vickers hardness value for a not carburize bolts 
at point 2 according to the standard should be greater than 
the Vickers hardness at point 1 in accordance with Eq. (1).

In Fig. 7, the height of the not carburize E zone must 
be checked in accordance with ISO 898-1: 2009 (E). The 

(1)For decarburization bolts:HV(2) ≥ HV(1) − 30

Table 2  The chemical composition of DIN1.7034 and DIN EN 10083-3:2007-01 [22] standard

Symbol Fe C Si Mn P S Cr Ni Mo Al Cu

DIN1.7034 97.2 0.372 0.135 0.84 0.008 0.005 1.18 0.09 0.026 0.013 0.051
Standard Base 0.34–0.41 ≤ 0.040 0.60–0.90 ≤ 0.025 ≤ 0.035 0.90–1.20 – – – –

Table 3  Mechanical properties of the DIN1.7034 and DIN [22] 
standard alloy

Symbol Yield stress 
(MPa)

Ultimate tensile 
strength (MPa)

Temperature 
(oC)

Sample 1 1005 1080 24
Sample 2 909 986 200
Sample 3 782 864 300
Sample 4 715 799 400
Standard alloy Min. 750 950–1150 Ambient temp.
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Fig. 2  a Engineering stress–strain curve of bolt material at 24 °C, and 
b the tested stress–strain curves of the bolt material at 24 °C, 200 °C, 
300 °C and 400 °C with high magnification
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measured hardness values of the threads are in accordance 
with the standard and are valid in Eq. (1). The results of 
Fig. 7 show that the bolt hardness increases from center 
to external diameter. The hardness values shown in Fig. 7 
and the hardness values of the points 1 and 2 of Fig. 7 are 
within the bolts standard material, and therefore, the heat 
treatment performed on the bolts is correct and hardness 
is not observation any problem in the bolts.

3.3  Fractography of the fracture surface

The primary purpose of fractography science is finding the 
origin of the crack, and it is necessary for a proper analy-
sis of the fracture. Initiation and propagation of the cracks 
would create the distinctive signs on the fracture surface, 
such as river signs, radial lines, chevrons and beachmarks 
that indicate the growth direction of the cracks. These marks 
are investigated for finding the origin of the cracks. The 
appearance of these marks on the crack surface is a function 
of tensile loading type, shear, bending, fatigue or torsional; 
stress state; amount of stress; existence of stress concentra-
tion; environmental factors and material factors [31, 32].

Figure 8 shows macro and micro views of the failed bolts. 
Figure 8a shows the macroscopic image of a broken surface 
of a cylinder head bolt that the morphology of the fracture 

Fig. 3  Micrograph with 50X 
magnification; a bolt thread 
material, and b bolt cross sec-
tion area material

Fig. 4  Micrograph with 1000X 
magnification; a bolt thread 
material, and b bolt cross sec-
tion area material

 

a

b Element Weight% Atomic%
C 22.37 39.13
O 22.32 29.31
Mg 5.98 5.17
Al 19.45 15.14
Fe 29.89 11.24
 

4.062 µm 

Fig. 5  Spectrum of impurity particle
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surfaces shows region of ductile crack growth and crack 
initiation site (A), region of rapid crack growth indicated 
by presence of radial lines (B), the final fast fracture zone 
on to the opposite side of the crack initiation (C) and the 
direction of crack propagation in the region of rapid crack 
growth (arrow D). The magnitude of the final fast fracture 
zone (C) shows that loading is of high cycle stress type as 
indicated in Refs [32, 33]. For an accurate examination of 
the origins in prepared fracture surfaces, SEM images were 
used as shown Fig. 8b, c. Obvious fatigue characteristics 
of radial lines and beachmarks can be seen on the fracture 
surface, as shown in Fig. 8b. The image of the fracture sur-
face by the SEM does not show a visible impurity. A large 
number of dimples are found in fracture extension area and 
short-break area, indicating that the toughness of the bolts 
is excellent as shown in Fig. 8c.

3.4  Stress analysis

The main components of an engine are the cylinders, coolant 
passages, oil galleries, crankcase and cylinder head. Figure 9 
shows cylinder block, cylinder head and bolts of this case 
study in which cylinder head is attached to the cylinder block 
by bolts.

Cylinder head bolts must endure high loads to keep the 
cylinder head sealed tightly against the head gasket and 
block. Cylinder head bolts are loaded in tension due to the 
presence of pre-tightening force FPT , maximum gas force 
FG and force generated by the engine heat due to different 
temperatures FT and different expansion rates of the cylinder 
block and the cylinder head. Figure 10 [3, 34] shows a dia-
gram of force F versus deformation δ with a pre-tightening 
FPT , regarding a cyclic loading FG.

The bolt assembly process is one of the most important 
contributors to fatigue performance, but often overlooked. 
The cyclic stress amplitude imposed on a bolt is highly 
dependent on pre-tightening, because if the pre-tightening 
is increased there is a decreasing cyclic alternating stress �a . 
Lack of adequate pre-tightening promotes premature fatigue, 
leading to fatigue crack growth under service loading condi-
tions. Table 4 lists calculations of proposed bolted joint and 
current work with details. Bowman [35] recommends a pre-
tightening of 75% of proof load, which is about the same as 
the RB&W recommendations for reused bolts.

When the engine is in operation, the gas pressure leads 
to increase the length of the bolt which can cause deforma-
tion increase in the cylinder head and deformation reduc-
tion of the gasket. According to the 81.4 mm cylinder diam-
eter (bore), the M11 × 1.5 bolt size, the 60 bar combustion 
pressure and the working temperature of the cylinder gas-
ket at 200 °C, the pre-tightening stress �minCW , the pre-
tightening stress plus stress amplitude �maxCW and the 
stress amplitude �aCW with the supplied data by Table 4 are 
605.42 MPa, 729.96 MPa and 62.27 MPa, respectively. All 
three of these mentioned stresses should be lower than the 
proposed values, but in this study, the amount of pre-tight-
ening stress is slightly higher than proposed pre-tightening 
load and the others do not have much difference.

Hence, one of the root causes of failure can be a defi-
cient pre-tightening of the cylinder head bolts, which could 
originate a significant alternating stress amplitude. Bolts 
were going suffering some damage at the first threads, in 
the meantime aggravated by some corrosion. It is well 
known that cracks generally start at the threads fillet where 

Fig. 6  Micrograph with 
5 × magnification; a failed 
thread, and b sound thread
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the stress concentration is higher. One reliable indication 
is also revealed by the presence of beachmarks [32, 36], 
as is showed in this failure analysis. For all fractured cyl-
inder head bolts the cycles to failure number of which is 
approximately 2 × 108, the root cause is the same.

3.5  Investigation of SIFs

Given that most cracks formed in the bolts are semi-elliptical 
shape, as in Fig. 11, the points on the crack front are at the 
deepest depth A of the crack, and where the cracks intersect 
with the outer surface (points B and C) the most important of 
them. The semi-elliptical axes are experimentally obtained 
according to the equation b = 2s∕� [37, 38] and Eq. (2) is 
extracted.

The main field of research of fracture mechanics is 
the determination of stress intensity factors (SIF). In this 
study, the SIF, which is obtained from current work stress 
for mode I along the crack front of semi-elliptical surface 
cracks normal to the axis placed in the under tensile bolts, 
is determined by finite element analysis [39]. The total 
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length of the arc crack 2 s as the crack parameter obtained 
from the broken bolt during the work in fatigue load is 
selected according to the methods of Shiratori et al. [40] 
and Freitas et al. [30]. Therefore, the stress intensity fac-
tors KI for each point along the surface crack length are 
obtained by Eq. (3).

That BS is the applied tensile stress, s is the length of 
the half-arc crack, and FI is the boundary correction factor, 
or SIF is the dimensionless state I, which is a function of 
the semi-ellipse crack form (b/a), the relative depth of the 
crack (b/r) and the position points along the front of the 
crack defined by the parametric angle ∅ , as shown in Fig. 11, 

(3)KI = FI

�

b

r
⋅

b

a
⋅ �

�

Bs

√

�s

which is determined according to the FEM calculations pre-
sented in [39].

In the present article, the SIFs of surface cracks in the bolt 
are deduced from the results of the stress analysis of finite 
element using the virtual crack extension method (Parks, 
1974; Hellen, 1975). To simulate crack growth based on the 
measurement of half ellipses created at the broken surface of 
bolt, the finite element code has been used [41, 42]. In this 
study, the geometry of the crack is placed in semi-elliptical 
and on the plate that obtained in the stress analysis. The ini-
tial length of crack was investigated for five different cracks 
with dimensions of 0.1, 0.25, 0.35 and 0. 5 mm, which was 
considered as the initial crack. After loading, the workpiece 
is meshed, and then, the stress analysis is performed. Then, 
the SIF values are calculated. With the presence of SIFs 
values, crack growth direction is indicated. Crack growth 
was done manually, which in this method the amount of 
crack growth was desired. But it should be noted that the 
growth of the crack should not be more than 30% of the 
total length of the previous cracks. After crack growth, the 
workpiece is re-meshed and prepared for solution; this work 
should be repeated for each stage of growth of the cracks. 
The growth of the cracks continues to 14 stages, to reach of 
critical length 38 mm. As a result, the intensity of stress in 
14 steps in front of the crack was studied for each stage of 
growth of the crack. Figure 12 shows the normalized SIF in 
s/sm (s = curvilinear abscissa, sm = arc length AB according 
to Fig. 11) for five cracks with dimensions of 0.1, 0.25, 0.35 
and 0.5.

Table 4  Calculations of proposed bolted joint and current work [3, 34]

Proposed Current work

Preload FminP = FPT = 0.75 FP = 39955.66N FminCW = FPT =
T

K×d
=

90000

0.2×10.78
= 41743.97N

Maximum load FmaxP = FP = 53274.22N FmaxCW = FPT + FG = 50330.57N

Alternating load
FaP =

FmaxP−FminP

2
= 6659.28N FaCW =

FmaxCW−FminCW
2

=
FG

2
= 4293.3N

Preload stress �minP = �i = 0.75 SP = 579.49MPa
�minCW =

FminCW
At

= 605.42MPa

Maximum stress �maxP = SP = 772.65MPa
�maxCW =

FmaxCW
At

= 729.96MPa

Alternating stress �aP =
�maxP−�minP

2
= 96.58MPa �aCW =

�maxCW−�minCW
2

= 62.27MPa

Considerations Minor diameter dr = d − 1.226869 p = 10.78 − 1.226869 × 1.5 = 8.94mm

Mean diameter dm = d − 0.649519 p = 10.78 − 0.649519 × 1.5 = 9.8mm

Effective tensile stress area 
At =

�

4

(

dm+dr

2

)

=
�

4

(

dm+dr

2

)

= 68.95mm2

Proof Stress SP = 0.85 × Sy = 0.85 × 909 = 772.65MPa

Proof Load FP = SP × At = 833 × 68.95 = 53274.22N

Cylinder area ACyl =
�dCyl

4
=

�×81.42

4
= 5204mm2

Pre-tightening FPT =
T

K×d
=

90000N.mm

0.2×10.78
= 41743.97N

Combustion force per bolt FG = �
PGACyl

i
= 1.1 ×

6×5204

4
= 8586.6N

Fig. 11  Geometry of semi-elliptical surface crack
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The results obtained for the equivalent SIF at the tip of 
the crack are shown in Fig. 13. Based on Fig. 13, the maxi-
mum SIFs belong to the crack with longer length. As can be 
seen, whatever the length of the crack increases, the differ-
ence in the values of SIFs increases. In accordance with the 
relationship of Paris with the increase in the crack length, 
the rate of crack growth also increases. In other words, the 
difference of SIFs for crack with an initial length of 0.5 mm 
is much higher than the difference in the crack at the initial 
length of 0.1 mm.

3.6  Evaluation of fatigue life

Then, after entering the necessary information and calcu-
lating the SIF values, the fatigue life for the desired bolt is 
calculated. Existing relationships in Refs. [43–45] can be 
used to obtain the growth rate of crack and fatigue life. In 
this study, the modified equation of Paris is used, which is 
applied effects from of the crack tip closure. The growth rate 
is defined by this equation as follows [46]:

For mode I loading, ΔKeff is equal to ΔKI which in 
Eq.  (4), ΔKeff is the effective SIF and is equal to the 

(4)
da

dN
= C

(

ΔKeff

)n
= C

(

Kmax − Kop

)n

Fig. 12  Normalized SIFs along 
the crack front s/sm
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Fig. 13  Normalized SIFs versus the relative crack depth under ten-
sion

Fig. 14  Stress intensity factor range versus crack growth rate with 
stress ratio R = 0.83
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difference between the maximum SIF Kmax and the SIF 
value corresponding with opening stress, Kop . The coeffi-
cients C and n in this equation are the material constants, in 
which n = 3.12 and C = 3.89 × 10−14m∕cycle in this study 
are extracted from Fig. 14. Also, the crack opening function, 
f, for plastic actuation of crack closure by Newman has been 
defined as follows [47].

The above-mentioned coefficients are obtained from the 
following relationships:

In these equations, α is a constraint coefficient for the 
state of plane stress/strain, Smax∕�0 is the ratio of maximum 
applied stress to flow stress (required stress for the plastic 
flow creation), and R is the ratio of stress to each load cycle.

The number of cycles required for the growth of the crack 
from the initial length, a0 , to the final length, af  , can be cal-
culated using the following integral equation:

where a0 and af  are the initial and the critical crack depths. 
The value of critical size, af  , can be estimated by substitut-
ing where a = af  , Δ� = �max , which is the applied maxi-
mum tensile stress, ΔKI = KIC , which is the fracture tough-
ness of the material, and Y  , which is the geometry factor, as 
follows Eq. (11) and Eq. (12) [48, 49]:

Using KIC = 91.42MPa
√

m , �max = 729.96MPa and the 
approximate value of Y = 1.107 for the observed crack on 
the fracture surface is found to be af = 3.98mm.

During fatigue crack propagation, ΔKeff = ΔKI value 
initially decreases until reaching a local minimum and 
then increases. If this local minimum value is less than 

(5)

f =
Kop

Kmax
=

{

max
(

R,A0 + A1R + A2R
2 + A3R

3
)

R ≥ 0

A0 + A1R −2 ≤ R < 0

(6)A0 =
(

0.825 − 0.34� + 0.05�2
)

[

cos
(

�

2
Smax

/

�0

)]
1

�

(7)A1 = (0.415 − 0.071�)Smax
/

�0

(8)A2 = 1 − A0 − A1 − A3

(9)A3 = 2A0 + A1 − 1

(10)Ntot =

af

∫
a0

da

C
(

ΔKeff

)n

(11)ΔKI = YΔ�
√

�a

(12)af =
1

�

(

KIC

Y�max

)2

or equal to the threshold effective stress intensity factor 
range ( ΔKI < ΔKeff⋅th ), the crack will not propagate. Con-
versely, if this local minimum value is greater than ΔKth 
( ΔKI > ΔKeff⋅th ), crack propagation will continue until 
fracture. These relationships formed the basis for deter-
mining the threshold stress intensity factor range ( ΔKth ) 
[50]. Given the value of Kth = 12.9 MPa

√

m extracted 
from Fig. 14 and the value of the applied stress, the crack 
length equivalent to Kth is found to be ath = 0.13 mm , and 
therefore, the lower value 0.1 mm is also be calculated.

Figure 15 shows the fatigue life in terms of the crack 
length for different values of the crack initial length. As 
can be seen, fatigue life also decreases by cracks length 
increment.

According to the results obtained for the fatigue life of 
the bolt, it can be figured out that the slope of the fatigue 
life curve is negligible per crack length. In other word, an 
insignificant increase in the crack length causes maximum 
fatigue life. Therefore, the SIF on the short cracks length 
is much more important than the SIF in longer cracks. 
Similar investigations (e.g., [51, 52]) have been reported 
the effect of increasing the initial crack length on increas-
ing trend of fatigue life in rail wheels and crankshafts. 
Also, the results of Fig. 15 indicate that the being of crack 
with depth of 0.35 mm is the source of premature failure. 
One reason for premature failure of bolts is due to stress 
corrosion cracking (SCC) or localized pitting as indicated 
in Fig. 6a. Depth of corrosion can be one of the causes of 
fatigue crack initiation, but there are other causes as well 
as high pre-tightening stress.

4  Conclusions and suggestions

In this study, analysis investigation of fatigue failure 
was performed on cylinder head bolts. The failure after 
applying nearly 2 × 108 cycles in service in the zone of 
the cylinder head bolts threads of the gasoline engine is 
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Fig. 15  Initial crack length influence on fatigue life
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investigated. In this paper, mechanical properties (tensile 
and hardness test), chemical composition, microstructure 
and fractography are determined first. Exact prediction of 
fatigue crack growth on cylinder head bolts by experi-
mental analysis and finite element method modeling can 
affect the Maintenance Planning and Scheduling Imple-
mentation. The main results of the present study could be 
expressed as following:

• Considering the results of the tensile test, the bolts are 
in the majority of the 10.9 Grade, that means the mini-
mum ultimate strength is 1080 MPa, the yield strength 
minimum is 1005 MPa, and the minimum change of 
length (9%), as well as the chemical composition bolt 
Grade 10.9 is confirmed.

• The investigation with optical microscope showed that 
the microstructure of the steel is tempered martensitic 
type and conforms to the standard material.

• The morphology of fracture surface by optical and 
scanning electron microscopes shows the fatigue crack 
growth marks, including the radial lines and beach-
marks.

• Numerical results show that crack to depth of 0.35 mm 
due to improper pre-tightening and corrosion effect is the 
source of failure of premature fracture.

• Regarding the type of loading, it is recommended that 
the correct torque be used to tighten the bolts and replace 
the bolts in each time cylinder head repair. Also, arrange-
ments to prevent leakage of the coolant are being consid-
ered for decreasing corrosion effect.
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