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Abstract:    This paper describes the finite element (FE) analysis technique to predict fatigue life using the narrow band frequency 
response approach. The life prediction results are useful for improving the component design methodology at the very early 
development stage. The approach is found to be suitable for a periodic loading but requires very large time records to accurately 
describe random loading processes. This paper is aimed at investigating the effects of surface treatments on the fatigue life of the 
free piston linear engine’s components. Finite element modelling and frequency response analysis were conducted using computer 
aided design and finite element analysis commercial codes, respectively. In addition, the fatigue life prediction was carried out 
using finite element based fatigue analysis commercial code. Narrow band approach was specially applied to predict the fatigue 
life of the free piston linear engine cylinder block. Significant variation was observed between the surface treatments and untreated 
cylinder block of free piston engine. The obtained results indicated that nitrided treatment yielded the longest life. This approach 
can determine premature products failure phenomena, and therefore can reduce time to market, improve product reliability and 
customer confidence. 
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INTRODUCTION 
 

Fatigue durability has long been important issues 
in the design of a two-stroke free piston linear engine 
structure (Torres and Voorwald, 2002; Rahman et al., 
2005a; 2005b). Durability assessment is traditionally 
done in the later part of the product development 
stage when prototypes are available, and heavily re-
lied on in confirming ground durability tests. This 
process is very time consuming and often results in 
over-design with weight penalties, which is the major 
obstacle to achieve fuel economy. Due to the devel-
opment of computer-aided engineering (CAE) tools, a 
three steps process including multibody dynamic 

analysis, finite element analysis, and fatigue life pre-
diction, is more often used nowadays for early prod-
uct durability evaluation (Rahman et al., 2005a; 
2005b; Baek et al., 1993; Kuo and Kelkar, 1995a; 
1995b; Kim et al., 2002). This approach helps the 
design engineer collect necessary information for 
continuous design analysis, and predict the durability 
of the free piston linear generator engine in the early 
design stage, thereby eliminating some of the short-
comings in the traditional durability evaluation 
method. Rahman and Ariffin (2005), and Rahman et 
al.(2005c; 2005d; 2005e) carried out the finite ele-
ment based vibration fatigue analysis techniques to 
predict the fatigue life of free piston engine compo-
nent using random load. Rahman et al.(2005f; 2005g) 
also presented finite element based fatigue life pre-
diction of the free piston engine components under 
variable amplitude loading conditions using total-life 
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and crack initiation approaches.  
Fatigue is a great concern for components sub-

ject to cyclic stresses, particularly where safety is 
paramount, as in the components of free piston linear 
engine. It has long been recognized that fatigue cracks 
generally start from free surfaces and that perform-
ance is therefore dependent on the surface topol-
ogy/integrity produced by surface finishing. It is well 
known that in service, many more components and 
structures fail due to cyclic instead of static loading. 
The failure by fracture depends on a large number of 
parameters and is very often developed from par-
ticular surface areas of engineering components. 
Therefore, it is possible to improve the fatigue 
strength of engineering components by suitable sur-
face treatments. Nowadays, manufacturers are util-
izing different surface treatments to enhance the sur-
face properties of engineering materials. So far, there 
are various methods employed to improve the fatigue 
strength, including optimization of geometric design 
parameters, materials and surface processing such as 
nitriding, cold rolling, shot peening, etc. (Rodopoulos 
et al., 2004). 

Light metals have been utilized to produce 
automotive parts to reduce the weight of automobiles, 
aiming at significant reduction of CO2 emission and 
environmental burdens (Boms and Whitacre, 2005; 
Vissutipitukul and Aizawa, 2005). The use of alu-
minum (Al) to replace steel for lightening of vehicle 
components or machine parts has recently increased. 
Al and its alloys have advantages over non metallic 
materials: aluminum alloys have a high melting point, 
good corrosion resistance, good workability and high 
thermal conductivity. However, the hardness and 
wear resistance of Al alloys are respectively lower 
and inferior to those of steel. Therefore, there is a 
limitation in their application for moving parts. So 
research has been carried out in surface modification 
technology to increase the applicability of Al alloys as 
moving parts. Surface modification technologies for 
Al alloys can be classified into three main categories 
namely alloying, coating and heat-treating process 
(Tomida and Nakata, 2003; Okumiya et al., 2001; 
2005; Tsunekawa et al., 2003; Takeuchi et al., 2004).  

The principal surface treatments such as car-
burizing or carbonitriding are preferred for many 
mechanical components before their delivery. These 
treatments are aimed at differentiating the response of 
surface and core to external loading by changing the 

surface material properties and by introducing ap-
propriate residual stress distribution in order to im-
prove their fatigue and wear behaviour (Benedetti et 
al., 2002). Different treatments can be carried out to 
locally improve the material response and to modify 
the stress field. A combination of case hardening 
followed by nitriding, and shot peening seems to give 
interesting results (Inoue et al., 1989). Shot peening 
process followed by case hardening can improve the 
microstructure and residual stress distribution of the 
components. Usually, residual stresses are introduced 
by shot peening because of the intense plastic de-
formation in the surface region (Kobayashi et al., 
1998). Depending on whether the plastic deformation 
takes place on or below the surface, a shift of the 
residual stress peaks can be observed with respect to 
the surface.  

Residual stresses can greatly improve the service 
life of many mechanical parts because they generally 
have some beneficial effects on the fatigue strength 
and corrosion resistance. Nowadays, many me-
chanical manufacturers consider the residual stress 
state as a quality parameter to be controlled. What-
ever the types of mechanical treatment (shot peening, 
rolling, or machining), thermochemical (nitriding or 
carburizing), or thermal (quenching), residual stresses 
are always produced by the strain misfits or local 
material behavior differences. In each case, the ex-
posure of the treated components in the recovery 
temperature range activates some microstructural 
mechanisms that lower the internal energy stored in 
the affected layers (Lillamand et al., 2000).  

This work is aimed at investigating the influence 
of surface treatments on the high cycle fatigue of a 
vibrating aluminum alloys cylinder block of a 
two-stroke free piston engine. These investigations 
are essential in order to understand the involvement of 
microstructural mechanisms of hardening or soften-
ing due to service load. Numerical investigations 
were done to characterize completely the different 
induced effects before and after surface treatments. 
The numerical results are discussed and analyzed.  
 
 
THE SPECTRAL MOMENTS FROM THE POWER 
SPECTRAL DENSITY FUNCTION   
 

The stress power spectra density represents the 
frequency domain approach input into the fatigue 
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analysis (Bishop and Sherratt, 2000; MSC, 2004). 
This is a scalar function that describes how the power 
of the time signal is distributed among frequencies 
(Bendat, 1964). Mathematically this function can be 
obtained using a Fourier transform of the stress time 
history’s auto-correlation function, and its area 
represents the signal’s standard deviation. The power 
spectral density (PSD) is the most complete and con-
cise representation of a random process. The statisti-
cal properties of a stationary ergodic process (Rah-
man et al., 2005c; Crandell and Mark, 1973; Newland, 
1993; Wirsching et al., 1995) can be computed from a 
single time history with sufficiently long period. The 
time average of a random variable x(t) is equal to the 
expected value of x(t), as defined by  
 

[ ( )] ( ) d .E x t x t t
∞

−∞
= ∫                       (1) 

 
The mean square value of x(t) is 
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∞
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Correlation function is a measure of the similar-

ity between two random quantities in a time domain τ. 
For a single record x(t), the autocorrelation R(τ) of x(t) 
is the expected value of the product x(t)x(t+τ): 
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When τ=0, the definition Eq.(2) reduces to the 

mean square value: 
 

2(0) [ ( )].R E x t=  
 

For two random quantities x(t) and y(t), the cross 
correlation function is defined as 
 

Rxy(τ)=E[x(t)y(t+τ)], Ryx(τ)=E[y(t)x(t+τ)].    (3) 
 

Then, the autocorrelation function is defined as 
with a time separation, τ 
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The autocorrelation and PSD functions are re-

lated by the Fourier transform pair 
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As Sxx is a real even valued function 
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by differentiating Rxx(τ) several times with respect to 
τ, the following equations are obtained 
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The moments therefore, define how each of the 

processes x, x', x'', etc. are related to the other proc-
esses, when τ=0, 
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or in terms of the one sided PSD G(f) 
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where 
0
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The method for computing these moments is 
shown in Fig.1. 
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Fig.1  Calculating moments from a PSD 
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It is important to note that µ1 and µ3 are zero, but 
that m1 and m3 are not. Remember that µn is produced 
by integrating from −∞ to +∞, and mn is produced by 
integrating from 0 to +∞. Typically, we calculate m0, 
m1, m2, and m4. 

The most common spectral moment is µ0, which 
determines the variance of a PSD 

 
2

0 00 0
= = ( )d =2 ( )d = ( )d = .x xx xxS S G f f mµ σ ω ω ω ω

∞ ∞ ∞

−∞∫ ∫ ∫  

                                     (13) 
 

here, µ0 and m0 are equal. The root mean square (RMS) 
value of the zero mean process is given by 0 .m   

A more complicated example of the use of these 
moments considers the number of zero crossings in a 
stationary random and Gaussian (normal) process. 
Consider the following 2D probability function p(α,β) 
of x and x  

 
p(α,β)∆α∆β≈Prob[α≤x(t)≤α+∆α and β ≤ x (t)≤β+∆β]. 

                 (14) 
 
This probability represents the fraction of time that x 
is between α and ∆α, while the velocity x is between 
β+∆β. If we define the time to cross one interval as ∆t, 
 

/ ,t α β∆ = ∆                               (15) 
 

then we can obtain the expected total number of 
positive crossings of level as 
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As ∆β→0, the total expected number of passages 
per unit time through x(t)=α for all possible values of 
β is given by  
 

0
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By setting α=0, we get the required number of 
zero crossings per unit time 
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The 2D normal density function of x and x  is 
given by  
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The aij terms are the covariances or second moments 
of xi and xj. The aii terms are the variances of xi and xi. 
|A| is the determinant of A and Aij is the cofactor of aij. 

With a little effort, we get 
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If we set α=0, then E[0]=[m2/m0]1/2. 
Similarly, the number of peaks per unit time is 

E[P]=[m4/m2]1/2. 
The     irregularity     factor     is     γ=E[0]/E[P]= 

[m2/ 0 4m m ]. 

The irregularity factor γ is an important pa-
rameter that can be used to evaluate the concentration 
of the process near a central frequency. Therefore, γ 
can be used to determine whether the process is nar-
row band or wide band. A narrow band process (γ→1) 
is characterized by only one predominant central 
frequency indicating that the number of peaks per 
second is very similar to the number of zero crossings 
of the signal. This assumption leads to the fact that the 
probability density function (pdf) of the fatigue cycles 
range is the same as the pdf of the peaks in the signal 
(Bendat theory). In this case the fatigue life is easy to 
estimate. In contrast, the same property is not true for 
wide band process (γ→0). Fig.2 shows different types 
of time histories with corresponding PSD function. 
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PROBABILITY DENSITY FUNCTIONS 
 

The most convenient way of storing stress range 
histogram information is in the form of a probability 
density function (pdf) of stress ranges (Rahman et al., 
2005c; Bendat, 1964). A typical representation of this 
function is shown in Fig.3. It is very easy to transform 
the stress range histogram to pdf form, or backward. 
The bin widths used, and the total number of cycles 
recorded in the histogram are the only additional 
pieces of information required. To get a pdf from a 
rainflow histogram, each bin in the rainflow count has 
to be multiplied by StdS, where St is the total number 
of cycles in the histogram and dS is the interval width. 

The probability of the stress range occurring 
between Si–dS/2 and Si+dS/2 is given by p(Si)dS. 

The actual counted number of cycles is equal to 
ni=St[p(S)dS]. 

The allowable number of cycles is given by 
N(Si)=k/Sb. 

 
 
 
 
 
 
 
 
 
 
 

The damage is then defined by 
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Failure occurs if D≥1.0. 
In order to compute fatigue damage over the 

lifetime of the structure in seconds, the form of ma-
terials S-N data must also be defined using the pa-
rameters k and b. The typical S-N curve is shown in 
Fig.4 which simply shows that under constant am-
plitude cyclic loading, a linear relationship exists 
between cycles to failure (N) and applied stress range 
(S) when plotted on log-log paper. There are two 
alternative ways to define this relationship, as given 
in Eq.(24). In addition, the total number of cycles in 
time T must be determined from the number of peaks 
per second E[P]. If the damage caused in time T is 
greater than 1.0 then the structure is assumed to have 
failed or alternatively the fatigue life can be obtained 
by setting E[D]=1.0 and then finding the fatigue life T 
in seconds from the fatigue damage as given by 
Eq.(24): 

 
,bN kS −=  where 1/ 1,b b= −  and ( 1) .bk SRI=    (24) 

 
 
 
 
 
 
 
 
 
 
 
 
NARROW BAND SOLUTION 
 

Bendat (1964) proposed first significant step 
towards a method for determining fatigue life from 
PSDs which is the so-called narrow band solution 
and showed that the probability density function (pdf) 
of peaks for a narrow band signal tended towards 
Rayleigh distributions as the bandwidth reduced. 
Furthermore, for a narrow band time history, Bendat 
assumed that corresponding troughs of similar mag-
nitude regardless of whether they actually formed 
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Fig.3  Probability density functions 
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stress cycles would follow all the positive peaks in 
the time history. Using this assumption the pdf of 
stress range would also tend to Rayleigh distribution. 
To complete the solution method, Bendat used a 
series of equations derived by Rice (1954) to estimate 
the expected number of peaks using moments of area 
beneath the PSD. The narrow band solution (Rahman 
et al., 2005c; Bishop and Sherratt, 2000) for the 
range mean histogram is therefore expressed by 
Eq.(25): 
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This is the first frequency domain method for 

predicting fatigue damage from PSDs assuming that 
the pdf of the peaks is equal to the pdf of the stress 
amplitudes. The narrow band solution was then ob-
tained by substituting the Rayleigh pdf of peaks with 
the pdf of stress ranges. The full equation is obtained 
by noting that St is equal to E[P]T, where T is the life 
of the structure in seconds. The basis of the narrow 
band solution is shown in Fig.5. 

 
 
 
 
 
 
 
 
 
 
 
APPLICATION OF FREE PISTON LINEAR EN-
GINE COMPONENT 
 
Finite element modelling 

A geometric model of the free piston engine’s 
cylinder block is considered in this study. There are 
several contact areas including cylinder head, gasket, 
hole for bolt. Therefore, constraints are employed for 
the following purposes: (1) to specify the prescribed 
enforced displacements, (2) to simulate the continu-
ous behavior of displacement in the interface area, 

and (3) to enforce rest condition in the specified di-
rections at grid points of reaction. 3D model of free 
piston linear engine cylinder block was developed 
using CATIA software. A parabolic tetrahedral 
element was used for the solid mesh. Sensitivity 
analysis was performed to obtain the optimum ele-
ment size. These analyses were performed iteratively 
for different element lengths until the solution yielded 
appropriate accuracy. Convergence of stresses was 
observed as the mesh size was successively refined. 
The element size of 0.20 mm was finally considered. 
A total of 35415 elements and 66209 nodes were 
generated with 0.20 mm element length. Compressive 
loads were applied as pressure (7 MPa) acting on the 
surface of the combustion chamber and preloads were 
applied as pressure (0.3 MPa) acting on the bolt-hole 
surfaces. In addition preload was also applied on the 
gasket surface generating pressure of 0.3 MPa. 
Multi-point constraints (MPCs) (Schaeffer, 2001) 
were applied on the bolt-hole for all six degrees of 
freedom and were used to connect the parts through 
the interface nodes. These MPCs were acting as an 
artificial bolt and nut that connects each part of the 
structure. Each of the MPCs will be connected using a 
Rigid Body Element (RBE) that indicates the inde-
pendent and dependent nodes. The configuration of 
the engine is constrained by bolts to the cylinder head 
and the cylinder block. In the condition with no 
loading configuration the RBE element with 
six-degree of freedom was assigned to the bolts and 
the hole on the cylinder head. The independent node 
was created on the cylinder block hole. Due to the 
complexity of the geometry and loading on the cyl-
inder block, a 3D finite element model (FEM) was 
adopted as shown in Fig.6. The loading, constraints 
and boundary conditions on the cylinder block are 
shown in Fig.7.  
 
 
 
 
 
 
 
 
 
 
 

Narrow band signal pdf of peaks 
(Given by Rayleigh 

function) 

pdf of stress amplitude 
(Rainflow cycles given by  

twice stress amplitude) 

Fig.5  The Basis of the narrow band solution (Bishop
and Sherratt, 2000) 

Fig.6   3D finite element model 
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Loading information 

Several types of variable amplitude loading his-
tory were selected from the SAE and ASTM profiles 
for the FE based fatigue analysis. The detailed in-
formation about these histories is given in (Tucker 
and Bussa, 1977). The variable amplitude load-time 
histories are shown in Fig.8 and the corresponding 
PSD plots are also shown in Fig.9. The terms of 
SAETRN, SAESUS, and SAEBRAKT represent the 
load-time  history  for  the  transmission,  suspension, 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

and bracket respectively (Rahman et al., 2005c; 
Tucker and Bussa, 1977). The considered load-time 
histories are based on the SAE’s profile. In addition, 
I-N, A-A, A-G, R-C, and TRANSP represent the 
ASTM instrumentation and navigation, ASTM air to 
air, ASTM air to ground, ASTM composite mission 
typical loading history, and ASTM composite mission 
typical transport loading history respectively (Rah-
man et al., 2005b; 2005c). The abscissa is the time in 
seconds. 
 
Results and discussion 

Frequency response analysis was conducted us-
ing MSC.NASTRAN finite element code. The fre-
quency response analysis used damping ratio of 5% of 
critical damping. The damping ratio is the ratio of the 
actual damping in the system to the critical damping. 
Most experimental modal analysis software packages 
report the modal damping in terms of non-dimen-
sional critical damping ratio expressed as a percent-
age (Formenti, 1999; Gade et al., 2002). In fact, most 
structures have critical damping values in the range of 
0 to 10%, with values of 1% to 5% as the typical range 
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Fig.8  Different time loading histories. (a) SAE standard transmission (SAETRN) loading; (b) SAE standard
suspension (SAESUS) loading; (c) SAE standard bracket (SAEBKT) loading; (d) ASTM instrumentation
and navigation (I-N) typical loading; (e) ASTM air to air (A-A) typical loading; (f) ASTM air to ground
typical loading; (g) ASTM composite mission (R-C) typical loading; (h) ASTM composite mission transport
(TRANSP) typical loading 
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(BDA, 2002). Zero damping ratio indicates that the 
mode is undamped and one means it is critically 
damped. The results of Pseudo-static and frequency 
response finite element analysis at zero Hz i.e. the 
maximum principal stresses distribution of cylinder 
block are presented in Figs.10 and 11 respectively. 
From the results, the maximum and minimum prin-
cipal stresses of 38.0 MPa and –7.75 MPa for Pseudo 
static analysis, and 38.0 MPa and –7.83 MPa for 
frequency response analysis at zero Hz were obtained 
respectively. These two contour plots are almost 
identical.  

When the plots are drawn at  higher  frequencies,  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

it can be shown that a small variation occurs in the 
static cases. This variation is due to the dynamic in-
fluences of the first mode shape. It can be seen that 
the maximum principal stress varies with higher fre-
quencies. The variation of the maximum principal 
stresses with the frequency is shown in Fig.12 indi-
cating that the maximum principal stress occurs at a 
frequency of 32 Hz.  

The maximum principal stresses of the cylinder 
block for the frequency response analysis at 32 Hz is 
presented in Fig.13. From the results, the maximum 
and minimum principal stresses of 56.1 MPa at node 
50420, and –20.7 MPa at node 47782  were  obtained,  
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Fig.9  Power spectral densities (PSDs) responses. (a) SAE standard transmission (SAETRN) loading; (b)
SAE standard suspension (SAESUS) loading; (c) SAE standard bracket (SAEBKT) loading; (d) ASTM
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mission transport (TRANSP) typical loading 
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respectively. The fatigue life contour result for the 
most critical location for 32 Hz is shown in Fig.14 
using the SAETRN loading histories (Rahman et al., 
2005c). The minimum life prediction is 109.44 s for 32 
Hz. Table 1 shows the comparison between Pseudo- 
static and vibration fatigue analysis using narrow 
band frequency response method for different loading 
conditions of a cylinder block made of AA6061-T6 
material. It is observed from Table 1 that there is a 
good agreement between the Pseudo-static and vi-
bration fatigue analysis approaches. The full set of the 
comparison results for the untreated polished cylinder 
block at critical location (node 49360) is given in 
Table 2 with different loading conditions. The narrow 
band solution is considered in this study. It is ob-
served that from Table 2, the SAESUS loading con-
dition gives the longest life for all materials while 
ASTM A-G loading condition gives the shortest life 
for all materials.  

The effect of surface  treatments  on  the  fatigue  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

life of the component subjected to variable amplitude 
loading conditions was also investigated. The mate-
rial used in this study was AA6061-T6 and the surface 
finish was in polished condition. A very high pro-
portion of all the fatigue failures nucleate at the sur-
face of components and therefore, the surface condi-
tions become an extremely important factor in in-
fluencing the fatigue strength. Surface effects are 
caused by the differences in the surface roughness, 
microstructure, chemical composition, and residual 
stress (Bannantine et al., 1990). The correction factor 
for the surface finish is sometimes used as a qualita-
tive description of the surface finish, such as polished 
or machined (Bannantine et al., 1990; Stephens et al., 
2001). The surface factors are related to the ultimate 
tensile strength with different surface finish condi-
tions such as grinding, machining, hot rolling, and 
forging (Juvinall and Marshek, 1991). The correction 
factors for surface treatment and  finish  are  obtained  
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Fig.14  Vibration fatigue life in log contour plotted for 
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Table 1  Predicted life in seconds between two ap-
proaches at critical location (node 49360) 

Loading 
conditions 

Pseudo-static 
approach 

Vibration 
fatigue 

SAETRN 1.14×107 2.10×107 
SAESUS 6.34×109 8.74×109 
SAEBKT 7.56×107 1.06×108 

I-N 2.13×108 2.30×108 
A-A 1.39×107 3.93×107 
A-G 6.72×106 8.23×106 
R-C 1.59×107 1.83×107 

TRANSP 8.47×108 2.27×109 
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from Lipton and Juvinall (1963), Juvinall and 
Marshek (1991) and Reemsnyder (1985) empirical 
data and are related to the ultimate strength of the 
material. The effects of the surface treatments on the 
fatigue lives under different loading conditions using 
the Narrow band frequency response method at 
critical location are summarized in Table 3.  

Surface treatments including nitriding, cold 
rolling and shot peening that produced compressive 
residual surface stresses can prolong the fatigue life. 
These surface treatments cause the maximum tensile 
stress to occur below the surface of the materials. 
However, the tensile residual surface stresses are 
found to be very detrimental and can promote corro-
sion fatigue. In addition, surface treatments can also 
increase the endurance limit of the material used. A 
diffusion process such as nitriding is found to be very 
beneficial for increasing the fatigue strength. This 
process can increase the strength of the material on 
the surface as well as cause volumetric changes, 
which produce the residual compressive surface 
stresses. There are several available methods used to 
cool the surface of a component to produce a residual 
 

 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
compressive stress. The two most important methods 
are cold rolling and shot peening. These methods are 
known to produce the compressive residual stresses 
and harden the surface material. The significant im-
provement in the fatigue life is due primarily to the 
generation of residual compressive stresses. In the 
shot peening process, the surface of the component 
undergoes plastic deformation due to the impact of 
many hard shots. The enhancing of the component 
fatigue life is due to the development of compressive 
residual stresses and the increase of hardness near the 
surface. The effect of surface treatment at different 
loading conditions for the polished vibrating cylinder 
block is summarized in Table 3. It is observed that the 
fatigue life for nitriding surface treatments is sur-
prisingly higher than other surface treatment proc-
esses. Fig.15 shows the effect of different surface 
treatment processes for ASTM A-G loading condi-
tions and polished specimen. It clearly indicates that 
nitrided processes produce the longest fatigue life at 
critical location (at node 49360, which produces the 
maximum stress and the longest life) compared to 
other processes.  
 

Table 2  Predicted life in seconds at weakest location (at node 49360) 
Predicted life in seconds at critical location (at node 49360) 

Loading conditions 
2014-T6 2024-T86 2219-87 5083-87 5454-CF 6061-T6 7075-T6 7175-T73 

SAETRN 4.27×107 1.25×109 8.48×108 3.56×107 1.30×107 2.10×107 1.08×1010 2.33×109 
SAESUS 5.01×1010 3.78×1012 3.36×1011 2.51×1011 9.24×1010 8.74×109 9.51×1012 1.10×1015 
SAEBKT 4.96×108 1.53×1010 9.07×109 7.78×108 3.18×108 1.06×108 1.59×1011 1.55×1011 

I-N 2.64×108 8.02×109 4.66×109 4.52×108 1.86×108 2.30×108 8.52×1010 1.13×1011 
A-A 5.99×107 1.85×109 1.17×109 7.08×107 2.78×107 3.93×107 1.76×1010 7.71×109 
A-G 1.66×107 4.87×108 3.29×108 1.40×107 5.11×106 8.23×106 4.21×109 9.26×108 
R-C 3.19×107 9.66×108 6.29×108 3.19×107 1.21×107 1.83×107 8.78×109 2.65×109 

TRANSP 1.95×109 4.99×1010 2.67×1010 5.07×109 2.07×109 2.27×109 5.92×1011 4.20×1012 
 

Table 3  Effect of surface treatments at different loading conditions for polished components 
Predicted life in seconds for different surface treatment processes 

Loading conditions 
Nitrided Cold rolled Shot peened Untreated 

SAETRN 4.52×1010 8.81×108 6.40×107 2.10×107 
SAESUS 3.41×106 1.21×1014 8.31×1011 8.74×109 
SAEBKT 8.08×1012 5.31×1010 1.68×109 1.06×108 

I-N 6.35×1012 3.68×1010 1.01×109 2.30×108 
A-A 2.77×1011 2.92×109 1.40×108 3.93×107 
A-G 1.84×1010 3.51×108 2.52×107 8.23×106 
R-C 7.21×1010 1.02×109 6.01×107 1.83×107 

TRANSP 2.40×1014 9.55×1011 1.33×1010 2.27×109 
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CONCLUSION 
 

The concept of spectral moments has been pre-
sented. The state-of-the-art of vibration fatigue tech-
niques has been presented where the random loading 
and response are categorized using PSD functions. 
Narrow band frequency domain fatigue analysis has 
been applied to a typical cylinder block of a new 
two-stroke free piston engine. From the results, it can 
be concluded that the compressive mean 
stress-loading condition gives the longest fatigue life 
for all materials. The results clearly indicate that all 
the surface treatment processes can increase the fa-
tigue life of aluminum alloys component. The surface 
residual compressive stress is found to have the 
greatest effect on the fatigue life. It can also be con-
cluded that the combination of the polished and ni-
triding processes gives the longest life of the cylinder 
block. In addition, vibration fatigue analysis can im-
prove understanding of the system behavior in terms 
of frequency characteristics of the structures, loads 
and their couplings. 
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