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ABSTRACT 

A new generation of high performance copper alloys is drawing the attention of electronic 

industry. Electronic devices are increasingly subject to rough service conditions that could not 

be afford by pure copper, which have always been used because of its good electric 

conductivity and its reasonable cost. Nowadays, a good electric conductivity must be 

accompanied by mechanical strength and relaxation resistance, in order to meet electronic 

industry that requires always better performing materials, increasingly subjected to high 

loads, vibrations and high temperatures. 

A precipitation hardened high copper alloy is a material that responses to all these needs. 

Here, the room temperature fatigue behavior of a precipitation hardened high copper alloy is 

examined. Sub-sized and normal-sized specimens are manufactured from two sheets of 

different high copper alloys in four different geometries corresponding to different notch 

factors in order to investigate size effects on the fatigue strength. Load controlled fatigue tests 

have been carried out and the number of cycles to failure is then obtained in order to derive 

the SN-curves of the materials. The maximum likelihood method is used to analyze the data, 

so that also censored data like run-out can be taken into account. Finally, the results are 

discussed and the conclusions drawn. 

Keywords: fatigue, copper, maximum likelihood, size effect. 

 

INTRODUCTION 

Copper alloys have been the subject of recent studies, since through the process of 

precipitation hardening a new generation of copper alloys called precipitation hardened high 

copper alloys (Davis, 2001) is becoming popular especially in electronic industry. These 

materials are still under investigation, especially because of their good mechanical and fatigue 

strength. 

The aim of this work is to investigate the fatigue behaviour of a precipitation hardened high 

copper alloy for small components, like pins, subjected to vibrations, and to evaluate the 

effect of the notch factor. Two different materials are tested, and both are used to produce 

specimens in two different sizes, so that the size effect can be evaluated. Furthermore, the 

data are analysed using the maximum likelihood estimation introduced by Spindel and 

Haibach (Spindel, 1979) and modified by Nelson (Nelson, 2009), but trying to simplify the 

method and make it more clear and practical. The notch and the size effect are then studied.  
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PRECIPITATION HARDENED HIGH COPPER ALLOYS 

Precipitation hardened high copper alloys are obtained through three different steps: 

1. Annealing procedure at temperature below the solubility limit 

2. Cold deformation 

3. Age annealing procedure 

The low content of alloys element ensures that the electrical conductivity does not decrease 

due to the distortion of the lattice, hence the name of high copper alloy. Cold deformation 

after the solution annealing (but previous to the age annealing) supports the formation of 

small-sized and homogeneously distributed precipitations. What it is obtained as result of this 

procedure is a material with: 

- Good electric conductivity: because as the atoms leave the lattice, the lattice distortion 

in undone and the electric conductivity increases 

- High strength: due to the effect of precipitates  

- Relaxation resistance: guaranteed by precipitation hardened alloys that don’t dissolve 

at elevated service temperatures 

In Table 1 are summarized the main service conditions to which this devices are subject and 

the consequently required characteristics. 

Table 1 - Service conditions 

Subject to Property required 

Impacts High strength/ductility 

Vibrations High fatigue strength 

High temperature Relaxation resistance 

Dirt Corrosion protection 

 

Many factors like loading conditions, geometry, environment, manufacturing process and 

material can affect the fatigue life of a specimen. Here, the attention is drawn to the effect of 

the geometry and the material on fatigue strength, but keeping in mind that is very difficult to 

face a complex phenomenon as the fatigue failure, without considering all the other variables. 

First of all, the loading is set to uniaxial. Different geometries are tested, in order to analyse 

the effect of the stress concentration factor Kt on fatigue life. Then, the fatigue notch factor 

Kf, related on the type of material and notch size is investigated. To account for these 

additional effects, a notch sensitivity factor q is introduced.   

 

STATISTICAL MODELS FOR DATA ANALYSIS 

During the experimental campaign, several specimens are subject to force-controlled fatigue 

testing under uniaxial loading. The resulting data include informations about the stress level 

of testing and the number of cycles to which the failure occurred. These results are plotted in 

a diagram in which the nominal stress amplitude σa,n is a function of the number of cycles to 

failure Nf, using a log-log scale. The analysis of the results leads to the SN-curves, which in a 

double logarithmic scale consist in a band scattered around a mean with bilinear trend.  
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If all the failures occur at one point of the test, and it is known exactly at what number of 

cycles this happened, we are faced at complete data, and the SN-curve can be determined 

easily using the Ordinary Least Square Method (OLSM). The limit of the OLSM is that it can 

only be applied to that data, which is known exactly where they are placed, therefore to 

complete data. But, how to deal with censored data? In this section is faced the problem of 

how to include censored data in drawing SN-curves. First of all, a brief introduction to 

statistical models used in durability analysis is given, then it is explained what censored data 

mean, and at the end the Maximum Likelihood Method (MLM) to treat them is introduced. 

As the phenomenon of fatigue failure is the result of tests influenced by several variables like 

different test specimens and testing conditions, data result distinct and invariably scattered. 

For this reason, a statistical approach is needful.  

The models described here are based on the work of W.B. Nelson (Nelson, 2009). A 

statistical model for an accelerated life test consists in a life distribution, which represents the 

scatter around the predicted life, and a correlation between life and stress. Usually, the mean 

(and sometimes also the standard deviation) of the life distribution is expressed as a function 

of the stress. The most common models of distribution for fatigue data analysis are the 

lognormal distribution and the Weibull distribution. Here, the lognormal distribution for data 

analysis is chosen, since the results are plotted in a bi-logarithmic scale.  

 

Lognormal distribution 

The lognormal distribution is related to the Normal (or Gaussian) distribution, and this fact is 

used to analyse lognormal data with methods for normal data. In this regard, it is defined the 

lognormal cumulative distribution function (cdf), as the population fraction failing by age t    

 ���� = Φ��log��� − �/��																							� > 0 

 

Where µ is the mean of the log life, σ is the standard deviation of the log life and Φ is the 

standard normal cumulative distribution function (cdf) and is tabulated. 

The lognormal probability density is given by  

 

���� = ���2�������ln�10� �  !" #−�log��� − ���2��� $ 																		� > 0 

  

Censored data 

While complete data consist in the exact life (failure age) of each sample unit, censored data 

do not give the same information and they have to be processed with different methods. They 

can be classified in right censored, left censored and intervals. In this context, only the data 

included in the first group are analysed. Right censored data represent units that are unfailed, 

and their failure times are known only to be beyond their present running times. In old 

literature they are also called truncated, and the corresponding units are called run-outs (but 
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also survivors, removals and suspensions). They represent units that are for example removed 

from test before they fail, still running at the time of the data analysis, or removed from the 

test because they failed from extraneous cause (such as test equipment failure). Furthermore, 

the only case of singly right censored data, which means that all unfailed units have a 

common running time, is considered. In Figure 1 are represented the different types of data 

further described. With the solid line are represented the times measured, with the cross the 

moment in which the failure occurs, and with the arrow are indicated the times (measured) in 

which the measure is interrupt without failure. 

a)                   b)  

Fig. 1 - Example of complete (a) and singly censored (b) data 

 

The Maximum Likelihood Estimation (MLE) 

The maximum likelihood method, consists in maximize the likelihood equation, which is just 

the product of all the individual likelihoods (probabilities). In our case of fatigue testing, the 

likelihood equation is not but the join probability of the n specimens tested to fail, and is 

given by 

L=L1 L2 L3… Ln 

 

where Li (i = 1..n) are the likelihood functions of the specimens that have been tested. For 

practical purposes it is helpful to take the log of the likelihood equation because it turns all 

those products into sums (of logarithms), so that 

 

L = ln(L) =L1+ L2+L3
 
+…+ Ln 

  

Suppose specimen i has an observed value yi (complete data) of the dependent variable, then 

its likelihood is: 

Li = f(yi, θ1i,…, θQi)  

 

where f(…) is the probability density of the assumed distribution, and θ1i,…, θQi  are the 

specimen’s parameter values. So Li is the probability of an observed failure at yi. If the 

specimen i has the dependent variable censored on the right, that means that its value is above 

yi, its likelihood is: 
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Li = 1 - F(yi, θ1i,…, θQi) 

 

In this case, Li is the probability that the specimen’s life is above yi.  

A model fitted to data consists of a statistical distribution for the dependent variable (in this 

case the life of the specimen) and correlation for the distribution parameters. This correlation 

indicates the distribution parameters as functions of the independent variables and unknown 

model coefficients. As already mentioned, a statistical distribution is described by parameters 

that are different based on the distribution that will be chosen (in case of the lognormal 

distribution µ and σ), that are function of other parameters that represent the variables of the 

problem (S and N).  

Herein just the high cycle fatigue (HCF) area of the SN-curves diagram will be analyzed, in a 

range of 10
4
 to 10

7
 cycles, where the curve present a bilinear trend and the intersection of the 

two lines is identified as the knee point of the curve. As already mentioned, when plotted in 

log-log scale, each part of a SN-curve can be approximated by a straight line that is described 

by:  

log(N1)=log(N2)+b(log(S1 )-log(S2)) 

 

Where the parameter b represents the slope of a line through two points in a log-log scale. 

Herein, the lognormal distribution will be applied to data, in order to maximize the likelihood 

function. But, first of all, is important to understand what the maximum likelihood function 

represents. 

If the SN data are plot with a best-fit line through it, a (i.e. normal) distribution of lives 

scattered about the line, for example at a constant stress, can be identified. The likelihood is 

the ordinate of the probability distribution, which is centred at the model value, so it is the 

height of the probability distribution at that value of N. In Figure 2 it is represented the 

analysis of a set of data including a run-out. Obviously, if the line is nowhere near the data, 

the normal distribution won’t be centered appropriately, and the ordinates evaluated at the N 

values will be low. The target is a curve located through the data so that its likelihood is 

maximized. Before going ahead with the maximum likelihood estimation is needed to decide 

if the model to apply treats the scattering around the mean value as constant or varying. It is 

known that the scatter is not constant along the entire curve, but increases by increasing of the 

number of cycles to failure. Summing up the concepts so far introduced, can be stated that the 

mean µ, plotted in a log-log scale diagram, should be linear, so in general:  

µ = C1+ C2x   

While the scattering can be considered varying or constant: 

σ = exp(D1),    if σ is constant 

or 

σ = exp(D1+D2x),   if σ is varying 
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Fig. 2 - Maximum likelihood estimation of SN-curves using the lognormal distribution  

 

So, if a general referral point of coordinates N*, S* (Goglio, 2001) is fixed, and S* is chosen 

as the geometric mean of the values of all the data, introducing the variable coefficients Ci the 

mean can be write as    

µ = log(N) = C1+ C2(log(S)-log(S*)) 

where: 

- C1 = log(N*): is the number of cycles to failure of a specimen undergoing a stress equal 

to S* (which is known) 

- C2: is the slope of the line representing the mean 

So, for complete data it is %& = −12 ln'2��&2() ln�log� ��− 12*& − ln	�+&� 
 And for run-out data ,- = ./	�0 −1�2-�� 
Where z = [log(N) - µ]/ σ. 

A program that maximizes the likelihood function has been written with the software 

MATLAB
®
. The sum of the likelihood functions of every data (including run-out) is written, 

and its sign is changed in minus, so the value of the parameters C1 C2 D1 and D2 that 

maximize the total likelihood can be found. 

By considering a constant scatter, and a fixed value of the number of cycles at the knee point, 

the number of unknown variables is reduced from four to three, since D2 is supposed to be 

zero. Then, x = [C1 C2 D1]
T
 is the output vector of the parameters that maximize the 

Likelihood function, and that describe the equation of the mean and of the standard deviation 

of the Wöhler curve represented in log-log scale. The vector [x0] = [C01 C02 D01]
T
 includes the 

starting values of C1,C2 and D1 for the iteration. 

The value of C01 and C02 are set basing on the OLS solution (not including the runouts), while 

D01 is zero. 
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 Fig. 3 - Example of likelihood function L for different values of C1 and C2 and σ=-0.42 

 

The results are the values of C1, C2 and D1 that maximize the likelihood function L, and the 

value of the likelihood function in that point (Figure 3). For example, the probability density 

function corresponding to a value of the mean of Nf = 10
5
 and the cumulative distribution 

function at Nf=10
7 

(run-out) for the data of Figure 2 are represented in Figure 4. The 

sensibility of the solution to the initial conditions increases with the increasing of the number 

of variables used to describe the likelihood function. For example, for a non-constant scatter, 

the variables become four, and if the number of cycles at the knee point is also unknown, they 

are five. 

 
(a)                                                                                  (b) 

Fig. 4 – (a) Probability density function at 10
5 
cycles and (b) cumulative distribution 

function at 10
7
 cycles (run-out) for data of Figure 2 

Thanks to the intuitiveness of the method, the starting value of the variables can be limited to 

intervals, and for each combination of them, the maximum likelihood function is evaluated. If 

the method is correct the curves calculated for the complete data using the MLE and the OLS 

must overlap. Including the run out in the analysis through the maximum likelihood 

estimation the curves will result always shifted upwards with respect to the ordinary least 

square. 
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EXPERIMENTAL CAMPAIGN 

The specimens are obtained from a sheet of material that is in the form of laminated with a 

thickness of 0.8 mm. The geometries of the specimens are given by the customer with the 

respective notch factors and represented in Figure 5. The geometries are V-notches differing 

both for the angle and for the radius at the notch root. The stress concentration factors have 

been verified using the finite element analysis (FEM) with the elastic model and the material 

properties. The response of the material to mono axial load is simulated using the software 

ABAQUS
®
. A 3D model has been used since the thickness of the specimens is comparable 

with the radius of the notch. The elements used are brick 20-nodes quadratic. A quarter of 

each geometry is analyzed, exploiting the symmetries. 

The five geometries of the specimens have been prepared with different processes based on 

the geometry. For the specimens with the notch radius r ≥0.4 mm or unnotched the abrasive 

water jet machining (AWJM) has been chosen, because cheaper both in terms of cost of 

energy and labor. For the geometries n° 4 and 5, the wire cut electrical discharged machining 

(EDM) has been chosen, with consequent increase of costs. The surface after the process is 

very rough, especially after the water jet cut, so an additional process of hand-made polishing 

is required, but not possible for the geometry 5, where the notch is too sharp and cannot be 

reached. Now that the dimensions of the specimens are known the equipment can be chosen. 

Because of the small size of the specimens to perform the test has been chosen the PZB500, 

an ultra-precise testing machine based on piezo actuator technology. 

The PZB500 (Figure 6 a)) has been developed by ISYS GmbH, a spin-off of the Fraunhofer 

Institute for Structural Durability and System Reliability LBF in Darmstadt. The clamping 

system consists in two plates fixed mechanically by screws (see Figure 6 b)). The tests have 

been performed in force-controlled. 

 

   
         Kt=1.0                                              Kt=1.3                  Kt=1.7                Kt=2.5            

      

 
Fig. 5 - Geometries tested and relative notch factors 
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(a)                                                                                    (b) 

Fig. 6 - a) PZB500 from ISYS GmbH and b) clamping system 

 

The alignment of the machine has been than verified, mounting four strain-gauges on one 

unnotched specimen and performing a strain analysis. On each specimen tested an anti-

buckling device is installed for the compression phase of the test, since the stress ratio R is set 

to -1 (fully reversed cyclic loading). The tests performed are all force-controlled. That means 

that the stress is imposed and the strain measured, together with the number of cycles, until 

the deformation reaches a level corresponding to a failure and the test is stopped. For each 

specimen the resistant section is measured with a micrometer, than it is multiplied for the 

stress level with respect to which we want to calculate the life to failure, so that the data can 

be plotted on the Wöhler diagram. In the tests performed the specimens are subjected to a 

fully reversed fatigue loading. This means that the material undergoes a cyclic stress of 

amplitude σa around a mean value σm = 0 with a frequency f. 

The machine receives in input the type of load (in this case sinusoidal force), the force of 

amplitude Fa = σa ·Ar, the mean value Fm = 0 and the frequency f = 25 Hz. 

The output consists in the minimum and maximum value of the displacement for each cycle 

and the number of cycles performed. The limits imposed to the process are the extreme values 

of the force (Fmax and Fmin), of the displacement (emax and emin) and the maximum number of 

cycles Nmax. 

If force, displacement, or number of cycles exceeds the limits, the test is stop. 

Firstly, the fatigue strength of a precipitation hardened high copper alloy (here Cu-1) is 

compared to the one of a normal high alloyed copper (Cu-2). 

The tests have been performed on sub-sized specimens for both the material and extracted 

from the same sheet of material in the same direction respectively. The results are plotted in a 

SN diagram in double logarithmic scale, as represented in Figure 7. From Figure 7 it can be 

observed that the most of the data are complete, while just seven of them are run-out. 

The fatigue strength results increase in case of Cu-1, but this effect is less evident as the notch 

factor increases. 
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Fig. 7 - Results of the tests performed on sub-sized specimens 

 

 

The third test series is performed on specimens taken from the same sheet of Cu-1 but with a 

different geometry. They are bigger and the notches have a different shape. They all have a 

notch width of 8 mm and a central width of 14 mm. For Kt=1 the central and the notch width 

coincide and measure 8 mm. The total length is 100 mm, which means double that in case of 

small size specimens. The max width is 23 mm in correspondence of the clamping system, the 

notch angle is 0° (U-shape notch) and in case of Kt=1.7 the notch radius is 3 mm while for 

Kt=3 is 1 mm. 

  

 
 

Figure 8 - Parameters of the geometry for the normal size specimens 

 

 

Sub size specimens with a geometry corresponding to Kt=3 are also produced, in order to 

make a comparison with the larger ones. They are similar of the one with a notch factor of 2.5 

but with a notch angle of 15°, very close to a U-shape. 

The results of the tests are represented in Figure 9. The tests have been performed in the same 

conditions as on the small specimens, but with a frequency of f = 60 Hz. 
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Fig. 9 - Results of the tests performed on sub-sized and normal size specimens 

 

SN-CURVES 

Using the MLE, the data obtained with the experimental campaign have been analyzed. 

The slope after the knee point is set at k0 = 44.9 (5% per decade) based on the 

recommendations of Sonsino (Sonsino, 2007). To compare the results, also the knee point is 

fixed, at the most common value of Nf = 10
6
, even if for some geometries is not properly 

exact. In Figure 10 are represented the SN-curves for Cu-1 and in Figure 11 the ones for Cu-

2. The continuous curves represent the 50% of probability to survive, while the dashed ones 

represent the 10% and the 90% respectively. A parameter b, defined as the ratio between the 

stresses corresponding to the knee point for Cu-1 and Cu-2, is introduced to describe the 

decreasing of the fatigue strength. The fatigue strength results increased in case of the 

precipitation hardened alloy Cu-1, respect to the common alloy Cu-2. Afterwards, this effect 

is investigated introducing the local stress approach. 

 

Fig. 10 - SN-curves for Cu-1 alloy 
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Table 2 - Parameters of the SN curves for Cu-1 using the MLE 

Kt C1 C2 D1 k T 

1 1.73·10
5 

-0.125 -2.42 7.98 1.07 

1.3 2.58·10
5
 -0.104 -1.57 9.57 1.13 

1.7 5.87·10
5
 -0.095 -1.63 10.48 1.11 

2.5 5.13·10
5
 -0.19 -0.43 5.06 1.14 

 

Table 3 - Parameters of the SN curves for Cu-2 and coefficient b= σa(Cu-1)/ σa(Cu-2) 

Kt k T b 

1 11.32 1.14 1.72 

1.3 8.09 1.11 1.56 

1.7 7.08 1.13 1.81 

2.5 4.16 1.24 1.34 

 

 

 

Fig. 11 - SN-curves for Cu-2 alloy 

 

In Figure 12 are represented the SN-curves obtained for the tests performed on the normal and 

sub size specimens of Cu-1. The curves are lower in case of normal size specimens as 

expected in case of Kt=1.7 and Kt=3, while for unnotched specimens the result is anomalous. 

This could be due to the different frequency of testing, and needs further study but will not be 

investigated here. 

 

Table 4 - Parameters of the SN curves for normal size specimens of Cu-1 and coefficient c= σa(small)/ σa(norm) 

Kt k T c 

1 11.5 1.16 0.80 

1.7 6.6 1.15 1.39 

3 5.5 1.13 1.03 



Proceedings of the  7th International Conference on Mechanics and Materials in Design 

 

 

-495- 

 

Fig. 12 - SN-curves for tests performed on small and normal size specimens of Cu-1 alloy 

 

LOCAL STRESS APPROACH 

The local stress approach (Reggiani, 2008) is used to describe the notch effect, and consists in 

comparing the behavior of the material at the maximum stress level, as represented in Figure 

13. According to this assumption, the fatigue strength described by the SN-curves of the 

notched specimens result translated downward by a factor that is called fatigue stress 

concentration factor and that is given by 

3� = �4,6�3� = 1��4,6�3� > 1� 7 3� 
The importance of evaluating Kf, consists in providing an estimation of the other parameters 

like the notch radius or the material strength and it can be found by calculating the ratio 

between the nominal stress at the knee point for the unnotched geometry and the notched one. 

The results for the sub sized specimens of Cu-1 are summarized in Table 5. 

 

 
 

Fig. 13 - small Comparison between two specimens with the same nominal stress, and local stress 
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Table 5 -Kt and Kf for Cu-1 sub size specimens  

Kt Kf 

1 - 

1.3 1.01 

1.7 1.33 

2.5 1.99 

3 2.27 

 

 

The difference between Kt and Kf is due to: 

1. The presence of a stress gradient. In fact the fatigue life depends not to the maximum 

value of the stress, but to an average stress acting over a finite volume of the material 

at the notch root. 

2. The localize plasticity of the material. The localized plastic deformation reduces the 

notch root stress, especially at short lives. In terms of local stress, the fatigue life 

results increased by the presence of a notch, and in particular by a relative stress 

gradient. 

3.  

The presence of a stress gradient 

The effect of the presence of a stress gradient is represented by an upward shift of a factor 

equal to Kt, but at the same time reduced by a factor equal to Kf. It is possible at this point to 

introduce a support factor ηχ=Kt/Kf (Sonsino, 2001) that is the quantity of which the curves 

result upward shift respect to the unnotched one. In Figure 14 are represented the curves in 

the local system, with σloc= Kt· σa,n. In Table 6 are summarized the different microsupport 

factors for all the geometries.  

 

 

Fig. 14 - SN-curves (P=50%) in the local system considering the material elastic 
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Table 6 -Kf and ηχ for Cu-1 sub size specimens  

Kt Kf 

1 - 

1.3 1.01 

1.7 1.33 

2.5 1.99 

3 2.27 

 

It can be stated that in the local system, the curve for Kt = 1.7 and Kt = 2.5 result swapped, 

since the microsupport for the first is greater. 

 

The localized plasticity of the material 

Now, the contribution of the localized plasticity of the material is evaluated. The material has 

been characterized previously, in order to determine the constants K’ and n’, so that the 

equation of Ramberg-Osgood (Ramberg and Osgood, 1943) that describes the nonlinear 

relationship between stress and strain can be used to plot the cyclic stress-strain curve 

(Wagener, 2007) of the material (Figure 15). 

 

 
Fig. 15 - Cyclic s-e% curve for the copper alloy Cu-1  

 

The material properties have been applied to the ABAQUS
®
 models used to determine the 

notch factors, in order to simulate the plastic behavior of the material. In Figure 16 an 

example of mesh used to model the specimen (in this case the geometry corresponding to 

Kt=3) is represented.  
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Fig. 16 - Example of mesh model used to simulate the geometry corresponding to Kt=3  

 

The stress concentration factor Kt* for plastic model is lower than the one calculated in the 

linear elastic hypothesis, because of the local plasticity of the material that occurs near the 

notch. In Figure 17 the main stress along a path from the center of the specimen to the root of 

the notch is represented.  

Plotting Kt* as function of the number of cycles to failure we obtain the results of Figure 18. 

It is interesting to notice that while for Kt,1.3* and Kt,1.7* the curves never meet, for low values 

of Nf (about 10
6
) Kt,2.5* and  Kt,3* coincide. 

 

 

Fig. 17 - Path used to evaluate the main stress. 
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Fig. 18 - Stress concentration factor considering the plastic component as function of the 

number of cycles to failure. 

 

This means that Kt,3* decreases faster with the increasing of the stress applied than the others. 

From the diagram of Figure 13 can be observed that if it was correct, some specimens with   

Kt = 3 could undergo an alternated load of 700 MPa for several thousand cycles. This is not 

possible, since 700 MPa is very close to the breaking stress (800 MPa). Introducing the plastic 

model the results are more truthful (Figure 18), and the higher values of stress do not exceed 

by more than few tens of MPa the yield stress of the material. The SN-curves of figure 19 are 

evaluated by considering the real principal maximal stress resulting from the FEA simulation 

using the elasto-plastic model of figure 14. After the knee point, where the stress level is 

under the yield stress, the curves are almost the same of those calculated with the linear 

elastic model. In the local system, introducing the plastic model, the S-N curves result closer, 

especially in the low-cycle part of the diagram. This result is more realistic than the one 

represented in figure 13. 

 

 

Fig. 19 - SN-curves (P=50%) in the local system considering the elasto-plastic behavior of the material 
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Comparison between nominal and local system 

The curves of the notched specimens in the local system result shifted upwards with respect to 

the nominal system. This phenomenon has been explained evaluating the statistical size effect 

and the gradient effect by several authors, both the approaches are motivated by empirical 

results (Norberg, 2007). 

- A smaller higher stress volume leads to a lower probability to have defects in the 

structure. In terms of fatigue behavior, this means less probability that the crack occur. 

- For higher gradients, locally higher stresses can be supported. The gradient influences 

the highest stressed volume, and also leads to non-propagating cracks. 

For the sake of completeness the highly stressed volume V90% in the local system, considering 

the plasticity, at 10
6 

cycles to failure is evaluated. The highly stressed volume is the material 

subjected to more than the 90% of the stress. In figure 20 the results of this analysis are 

represented.  

 

 

Fig. 20 - Local stress in function of the highly stressed volume 

 

RESULTS AND CONCLUSIONS 

Summarising the fatigue test results of the unnotched specimens, it can be stated that the 

fatigue strength of the precipitation hardened high copper alloy (Cu-1) is increased compared 

to the normal high alloyed copper (Cu-2). The fatigue strength results are also lower in case 

of normal size specimens compared to the results obtained by testing sub size specimens. 
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The influence of the geometrical notch has been investigated by testing four different 

geometries in order to evaluate the stress concentration factor and the notch sensitivity. 

Furthermore the fatigue strength for a given number of cycles has been transformed to the 

local-stress vs. high stressed volume domain. Contrary to the expectance the results has a 

wide scatter band. Introducing the elasto-plastic model instead of the linear elastic one, the 

results achieved show differences in terms of stress concentration factor and fatigue life in the 

local system. The fatigue life for the four geometries in the local system is scattered in a 

rather narrow band, unlike what happens using the linear elastic model for the material. This 

phenomenon is explained evaluating the statistical size effect and the gradient effect by 

several authors, and both the approaches are motivated by empirical results (Norberg, 2007). 

Here, the results are examined using the highly stressed volume in the local system. The 

results are finally collected in a single diagram in which, at a fixed number of cycles to 

failure, the local stress amplitude is represented as function of the highly stressed volume.  
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