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ABSTRACT. A series of strain controlled multiaxial low cycle fatigue (LCF) 
tests under proportional and non-proportional loading conditions have been 
conducted on notched specimens. Cylindrical bars of Al 6061 aluminum alloy 
and AISI 316L stainless steel with four values of stress concentration factors 
referred to the net section Kt,n were employed. The experimental results 
evidenced a reduction of fatigue life due to non-proportional loading. 
Furthermore, the crack initiation site has been detected to be moved from the 
notch tip in the case of steel for high values of notch radius under non-
proportional loading. Stress concentration factor evaluated in the elastic field 
Kt,n has been included in the Itoh-Sakane parameter to evaluate the fatigue life, 
returning a general underestimation of fatigue life especially for high values of 
Kt,n. Material notch sensitivity and crack initiation position have been taken 
into account to further modify the model, improving the original results and 
showing a better assessment. 
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INTRODUCTION  
 

any industrial applications require notched components to undergo non-proportional multiaxial low cycle fatigue. 
A suitable example of applications are parts of fast breeder reactors or aero engines. In terms of evaluation of 
fatigue life under multiaxial loading, a wide variety of methodologies have been developed. Stress based models 

[1-3] evaluate fatigue life through an equivalent stress parameter obtained from the stress components of the loading cycle. 
The field of applicability adapt to this typology of methods is the high cycle fatigue. Strain based models are instead typically 
associated with low cycle fatigue where significant plasticity may occur. Remarkable contributions for the evaluation of low 
cycle fatigue life were given by Brown-Miller [4], Fatemi-Socie [5] and Smith-Watson-Topper [6] whose models are based 
on critical plane, a surface which experiences the highest level of damaging over the cycle. Critical plane approaches are well 
known to estimate accurately the number of cycles to failure, although the detection of such plane might be time taking and 
the parameters associated with the model can be complex to obtain. Energy based models [7] are also applicable to low 
cycle fatigue loading cases.  
   Non-proportional loading is defined as the condition characterized by the variation of the first principal stress direction 
over the cycle. As a consequence, the number of activated slip bands in the material increases, causing additional hardening 
and a reduction of fatigue life, as evidenced in several works [8-17]. The mechanical phenomena caused by non-proportional 
loading often complicate the evaluation of fatigue life.    
In actual applications, components feature geometrical discontinuities represented by notches, grooves and holes that 
provoke stress concentration phenomena. Stress concentration factor referred to the net section evaluated in static field Kt,n  

does not describe accurately the reduction of fatigue life, often returning an underestimation of fatigue life. For this purpose, 
the fatigue notch factor Kf  is usually employed. The most commonly accepted definition of the fatigue notch factor Kf is 
the ratio of the fatigue strength of a smooth specimen to that of a notched specimen, under the same experimental 
conditions and the same number of cycles. Although the most reliable method to determine Kf is through experimental data, 
Kf can be also evaluated by means of equations correlating this parameter with the original static elastic stress concentration 
factor and the notch sensitivity of the material [18-23]. In low cycle fatigue, stress and strain concentration factors evaluated 
in the plastic field Kσ and Kε must be considered. Neuber [19] and Glinka [24] developed criterions to evaluate the local 
values of stress and strain in plastic field. It is worthy of note that Neuber's rule tends to overestimate the strain 
concentration factor. Several methodologies for the evaluation of the local values of strain and stress for non-proportional 
loading at the notch tip are reported in previous researches [25-28]. Some works demonstrated also that energetic approaches 
such as the evaluation of the average strain energy over a control volume around the notch [29-32] can be applied both for 
static and multiaxial fatigue field [33-37]. Recent and past suggested that the key for a correct evaluation of fatigue life are 
the strain and stress gradients in the proximity of the notch [38-39].  
Several works on non-proportional multiaxial low cycle fatigue and researches on notches are well reported in the literature. 
The data on multiaxial fatigue on notched components is also present in the literature but it is mostly limited to tests in the 
high cycle fatigue environment [40,41]. 
Itoh and Sakane proposed a model specifically for low cycle fatigue and non-proportional loading [42,43]. Additional 
hardening α and severity of the loading path fNP modify the first principal strain range to consider the non-proportionality 
of the applied loading cycle. The model has been applied for several materials, returning satisfying results [44]. Although 
non-proportional loading involves several complexities, the low number of required parameters makes this model simple to 
apply compared to the methodologies introduced above. However, time variable load amplitude and phase difference are 
not taken into account in this method, restricting its field of application to simple loading paths. In order to verify the 
validity of the model, hollow specimens have been originally tested, while notched specimens have been investigated only 
recently in a fewer number of papers. Sakane et al. [45] analyzed accurately notched specimens of AISI 304, evaluating the 
variation of number of cycles to initiation, propagation and failure depending on the value of Kt,n. Fatigue life was then 
correlated to the Itoh-Sakane parameter. AISI 316L notched specimens have been tested with non-proportional loading in 
a previous research [46,47].  The hardness of the specimens was firstly measured, and the fatigue life was estimated by using 
a modified Itoh-Sakane parameter. In detail, the authors applied the stress concentration factor evaluated in the elastic field. 
The results were in good agreement with experimental tests. On those specimens, the crack initiation site was found to be 
shifted from the notch tip. The maximum distance was observed for low values of Kt,n. From a FEM analysis that replicated 
the hardened areas around the notch tip, the cause of the shifted crack initiation position was found to be related to the 
strain gradient around the tip. The intensity of the gradient depended on the level of additional hardening and value of stress 
concentration factor. The originally evaluated fatigue life was improved by taking into account this phenomenon. In the 
literature, experimental data regarding this aspect are absent, making it necessary to test notched specimens made by 
materials with a lower level of additional hardening and lower notch sensitivity.  
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The aim of this study is to verify the influence of notch sensitivity and crack initiation site on non-proportional low cycle 
fatigue life. To achieve this purpose, strain controlled multiaxial low cycle fatigue tests under proportional and non-
proportional conditions on materials with different notch sensitivity and additional hardening have been conducted. 
Circumferentially notched bars made by Al 6061 aluminum alloy and AISI 316L stainless steel has been employed. 
Experimental tests have been performed to quantify the reduction of fatigue life induced by the non-proportionality of the 
loading path. The crack initiation site has been observed on the notch surface both on steel and  aluminum. Fatigue data 
have been firstly synthesized with the Itoh-Sakane parameter modified with Kt,n. The static stress concentration factor 
evaluated in the elastic field have been replaced successively with Kf. Finally, the effect of the crack initiation site has been 
taken into account through a parameter called K’t. Evaluation of fatigue life employing the Itoh-Sakane parameter and crack 
initiation site are discussed throughout this study. 
 
 
MATERIALS AND TEST PROCEDURE 
 
Material properties 

luminum alloy Al 6061 (6061Al) and austenitic stainless steel AISI 316L (316LSS) are the materials used in this 
study. Static mechanical properties are listed in Tab. 1. 
 

 

Material 
σY0.2 E εU σU 

MPa GPa % MPa

6061Al 143 72.2 23 311 

316LSS 356 178 55 518 
 

Table 1: Material mechanical properties. 
 

The results of a standard tensile test evidenced the superior mechanical properties of the steel compared to aluminum. 
However, the material cyclic curves obtained through a cyclic plastic deformation under proportional and non-proportional 
loading have been indispensable to describe the material behavior in the field of low cycle fatigue. Proportional loading is 
represented by a push-pull (PP) loading path while non-proportional loading is represented by a circle loading path (CI). 
The loading paths are shown in Fig. 1. 
 

 
 

Figure 1: Applied strain paths. 
 
Cyclic stress-strain curves associated with proportional and non-proportional loading have been obtained by a step-up test 
[48]. Strain increment at each step was set at Δεeq/2=0.05% every 10 cycles from Δεeq/2=0% to Δεeq/2=1.0%. The dots 
constituting the curves shown in Fig. 2 represent the stress and strain amplitude values at the 10th cycle of each step, 
assuming that the cyclic behavior of both steel and aluminum is stabilized. The cyclic curves of 6061Al and 316LSS in CI 
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are characterized by higher levels of stress compared to those in PP. The discrepancy between the curves is due to the 
additional hardening effect, occurring when a non-proportional loading is applied. 
 

 
Figure 2: Cyclic curves of 6061Al and 316LSS. 

 
However, 6061Al cyclic curves follow approximately the same trend resulting in a slight additional hardening if compared 
to 316LSS.  
Notches and geometrical discontinuities provoke stress concentration effects which must be considered when static and 
fatigue failure are evaluated. The model developed by Kuhn and Hardraht [18] assumes that fatigue failure occurs if the 
average stress over a length A from the notch root is equal to the fatigue limit of the smooth specimen. The model have 
been modified by Neuber assuming that the length A it's a constant depending on the ultimate tensile strength of the material 
σU [19]. The final equation proposed by Neuber is as follows 
 

 t ,n
f

1
1

ρ
1

K
K

r


 


                                                                                       (1) 

 
The parameter quantifying notch sensitivity is called ρ. High values of ρ correspond to materials with low notch sensitivity 
and vice-versa. Therefore, fatigue life is highly or slightly reduced than the quantity indicated by Kt,n, depending on notch 
sensitivity. The values of notch sensitivity can be obtained easily from tables and take the values of ρ=0.6 mm for 6061Al 
and ρ=0.3 mm for 316LSS [49].  
 
Test conditions 
Multiaxial low cycle strain-controlled tests have been conducted on circumferentially notched specimens machined from 
round bars. The analyzed specimens feature four different values of stress concentration factors referred to the net section 
Kt,n: 1.5, 2.5, 4.2 and 6.0 (Fig. 3). 
Strain controlled tests have been carried out applying a strain range Δεeq/2=0.25% for Al6061 and Δεeq/2=0.35% for 
316LSS. A Servo hydraulic testing machine which can perform tensile and torsion tests has been employed for the tests. 
The axial and shear displacements has been measured by an extensometer made by two bars of ceramic material with a gage 
length of 12 mm. In this study, the strains at the notch root was not taken into account for the determination of the 
displacement. 
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                                               (a) Kt,n =1.5                                                            (b) Kt,n = 2.5 
 

 
 
 
 
 
 
 
 
 
 
 
 
                                               (c) Kt,n = 4.2                                                          (d) Kt,n = 6.0 
                                  

Figure 3: Tested notched specimens (mm). 
 

 
TEST RESULTS 
 
Failure life 

he number of cycles to failure (failure life), Nf, for each specimen is listed in Tab. 2. The failure life corresponds to 
the cycle where the stress amplitude becomes the 3/4 of the maximum stress in a cycle to avoid the complete 
propagation of the crack and therefore rupture of the specimen. 

 

Loading paths 
 Kt,n 

6061Al 316LSS
Δεeq/2 Nf Δεeq/2 Nf 

% Cycles % Cycles 

PP 

1 

0.25 

44500

0.35 

6089 
1.5 3848 2237 
2.5 1267 871 
4.2 788 571 
6 730 418 

CI 

1 

0.25 

6500 

0.35 

2082 
1.5 1020 2248 
2.5 298 475 
4.2 207 212 
6 205 156 

 
Table 2: Test results. 
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Non-proportional loading causes a reduction of fatigue life for both steel and aluminum. In detail, additional hardening and 
activation of multiple slip bands caused by the rotation of principal stress are the phenomena which severely compromise 
the failure life. The reduction of failure life is also induced by stress concentration effects. The trend of failure life reduction 
caused by stress concentration effects depends on the material. In case of 6061Al, the discrepancy between the failure life 
of specimens with Kt,n=4.2 and 6.0 is small both for non-proportional and proportional loading. The failure life of 316LSS 
is instead sensibly reduced also for high values of Kt,n. Failure life data relative to 316LSS features an anomalous behavior 
for Kt,n 1.5. In this case, non-proportional loading does not influence fatigue life as it is equal the proportional case. 

 
Crack analysis 
Crack initiation site was found to be shifted from the notch tip in 316LSS notched specimens analyzed in a previous study 
[46]. A successive study conducted on those specimens by Gallo et al. [50] from a sophisticated FEM model, evidenced that 
the shift of the crack initiation site was caused by particular strain gradients. Additional hardening process due to the 
application of a non-proportional loading path has been detected as the cause of those strain gradients. The maximum value 
of the distance from the notch tip was found for low stress concentration. Considering crack initiation site through a new 
stress concentration factor improved the results of fatigue life evaluation. Giving the relevance of the phenomenon in life 
estimation, aluminum alloy was also analyzed in this study. Specimens with Kt,n=1.5 and 2.5 were divided along the axis to 
detect the crack initiation site. The results of the investigations have been compared with 316LSS. The pictures of the 
sectioned specimens are shown in Fig. 4 and Fig. 5. 
 
 

 
                                                     (a) Kt,n =1.5                                                               (b) Kt,n = 2.5 
 

Figure 4: Crack initiation site on the notch surface for 6061Al. 
 

 
                                                     (a) Kt,n =1.5                                                               (b) Kt,n = 2.5 
 

Figure 5: Crack initiation site on the notch surface for 316LSS. 
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Crack initiation site on 6061Al is located at the notch tip for both Kt,n=1.5 and 2.5, proving that materials with low additional 
hardening do not experience the same phenomenon observed for materials characterized by a high level of additional 
hardening. For what concerns the specimens with Kt,n=4.2 and 6.0, the investigation of the crack initiation site has been 
avoided both for 6061Al and 316LSS as failure life can be attributed mostly to crack propagation in case of high stress 
concentration effects at the notch tip [45]. 

 
 

ITOH-SAKANE PARAMETER 
 

he presented models for life evaluation are based on the Itoh-Sakane (I-S) parameter [42,43]: 
  

 NP eq NP1 αf                                                                                                    (2) 

 
The method consists in a modification of the equivalent applied strain range. Additional hardening and severity of non-
proportional loading path are included through the parameters α and fNP, respectively. In case of 316LSS α=0.9, evaluated 
as the ratio between the increase in stress amplitude in CI to that in PP. The reduction of fatigue life due to non-proportional 
loading in Al6061 and other materials is not attributed to additional hardening effects [44]. Therefore, the material constant 
for the evaluation of the reduction of fatigue life α* replaces the additional hardening parameter α in the evaluation of ΔεNP 

in case of 6061Al: 
 

 *
NP eq NP1 α f                                                                                                (3) 

 

α* is defined as the ratio of Nf  in CI with Nf in PP at the same applied Δεeq. The parameter α* can be also accurately 
evaluated considering an equation correlating the stress σU and Yield stress σY0.02 [44]:  
 

 * α U Y

B

 



                                                                                                               (4) 

 
In the case of Al6061 α*=0.5 [44]. I-S parameter requires in input the principal (or equivalent in case of circle) strain range, 
fNP and α, resulting in a parameter simple to obtain compared to the models currently available. In fact, most of them are 
characterized by the necessity to detect a critical plane and require fatigue parameters such as σ'f and ε'f [4-6]. The I-S model 
however has been proven reliable only for constant amplitude loading path. Furthermore, the model cannot return any 
information about the crack orientation. 
      I-S parameter only provides a methodology to modify the strain parameter. Therefore, it becomes necessary to associate 
the parameter with a model which correlates the parameter to the number of cycles to failure. In a previous work, the result 
of the application of I-S parameter on notched specimens has been compared with the data of smooth specimen, giving 
good results.[46,47,50]. However, the design phase requires a model that allows to calculate the number of cycles to failure. 
Originally, the model has been correlated with the Universal Slope Method (USM) developed by Manson-Coffin [51]. Basic 
properties obtainable with a tensile test are sufficient to define USM, making it suitable with the concept of simplicity 
characterizing also I-S parameter.33 In this work, two additional models requiring in input the static mechanical properties 
of the material have been considered: Muralidharan-Manson (M-M) [52] and Bäumel-Seeger (B-S) [53]. The models are 
presented in the equations below: 
 
Universal Slope Method (USM): 
 

  0.60.12
f fε ( )  A N B N

                                                                                       (5) 

  
Muralidharan-Manson (M-M): 
 

 
0.832 0.56

0.560.09 0.155U U
f U f

σ σ
ε 1.17 ( ) 0.0266εN N

E E


        

   
                         (6) 
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Bäumel-Seeger (B-S) for aluminum alloy 
 

   0.690.095U
f f

σ  ε
1.67 (2 ) 0.35 2

2
N N

E


                                                                 (7) 

 

Bäumel-Seeger (B-S) for steel alloys: 
 

  0.580.087U
f f

σε
1.50 (2 ) 0.59ψ 2

2
N N

E


                                                                (8) 

 
where,  
 

ψ 1          Uif
E


                                                                                                           (9) 

 

U Uσ σ
ψ 1.375 125    if     0.003

E E
                                                                        (10) 

 
In order to evaluate the appropriate model to employ, fatigue data of smooth specimens under proportional and non-
proportional loading have been synthesized with I-S parameter. The result of the correlation with USM, M-M and B-S for 
both 6061Al and 316LSS have been represented in Fig. 6 and Fig. 7. I-S parameter associated with B-S model describes 
accurately the behavior of aluminum. In case of steel, there is no consistent discrepancy between the proposed solutions. 
Therefore, B-S model has been selected for both materials. The Eq. (11) have been employed for 6061Al and Eq. (12) for 
316LSS.  
                                                     

  0.690.095NP
f f

ε σ
1.67 (2 ) 0.35 2  

2 E
U N N


                                                              (11) 

                        

  0.580.087NP
f f

ε σ
1.50 (2 ) 0.59 2

2 E
U N N


                                                              (12) 

                                                                                                        

 
 

Figure 6: Crack Correlation of fatigue life of 6061Al smooth specimens subjected to PP and CI loading paths by using I-S parameter 
associated with USM, M-M and B-S models. 
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Figure 7: Correlation of fatigue life of 316LSS smooth specimens subjected to PP and CI loading paths by using I-S parameter associated 
with USM, M-M and B-S models. 
 
 
LIFE EVALUATION 
 

n this chapter, experimental failure life of notched specimen has been correlated with Itoh-Sakane model. The model 
presented in Eq. (2) has been modified to include the elastic stress concentration factor evaluated in the elastic and 
static field. For sake of brevity, the counterpart for aluminum modified with α* is not reported. 

 

 t ,n NP t,n eq NP  1 αK K f                                                                                    (13)         

                 
Eq. (13) has been employed only for 316LSS stainless steel notched specimens [46,50]. In these studies, the results for 
notched specimens has been compared with data of smooth specimens. This equation is assuming that Kε  ≈ Kt,n because an 
assessment of Kε in elastic plastic regime would require complicate procedure such as finite element analysis accounting of 
cyclic stress-strain relationships depending on strain path, material and Kt,n under non-proportional LCF.  According to Eq. 
(13), the left term of Eq. (11) and (12) were multiplied by Kt,n resulting in Eq. (14) for 6061Al and (15) for 316LSS. 
 

  0.69t ,n NP 0.095U
f f

ε σ
1.67 (2 ) 0.35 2                         

2

K
N N

E


                                (14) 

 
 

  0.58t ,n NP 0.087U
f f

ε σ
1.50 (2 ) 0.59 2  

2

K
N N

E


                                                    (15) 

 
The results of the application of Eq. (14) and Eq. (15) for life evaluation are shown in Fig. 8 and Fig. 9. 6061Al data are 
underestimated for Kt,n 4.2 and 6. Data of 316LSS is generally well estimated, with the majority of the results located in the 
upper portion of the scatter band. 
Successively, the elastic stress concentration factor has been replaced by the fatigue notch factor defined in Eq. (1) which 
takes into account the material notch sensitivity. Kf has been applied under the hypothesis that Kf does not depend on the 
loading path and material cyclic plastic behavior. 
 

  0.690.095f NP U
f f

ε σ
1.67 (2 ) 0.35 2                         

2

K
N N

E


                       (16) 
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  0.580.087f NP U
f f

ε σ
1.50 (2 ) 0.59 2  

2

K
N N

E


                                           (17) 

 
The results of the application of Kf on I-S model are shown in Fig. 10 and Fig. 11.  
 

Figure 8: Life evaluation of 6061Al employing I-S parameter 
modified with Kt,n. 

Figure 9: Life evaluation of 316LSS employing I-S parameter 
modified with Kt,n. 
 

Figure 10: Life evaluation of 6061Al employing I-S parameter 
modified with Kf. 
 

Figure 11: Life evaluation of 316LSS employing I-S parameter 
modified with Kf. 

The results related to high values of Kt,n are sensibly improved for 6061Al. Failure life data are well correlated in the factor 
of 2 band. In case of 316LSS, there is a general overestimation of failure life in the case of PP loading. Non-proportional 
loading data are well correlated except for Kt,n=1.5. Crack initiation site has been also taken into account in life evaluation. 
As described in the section 3.2, the cases where crack initiation site has been detected away from the notch tip are limited. 
Specifically, the influence of this phenomenon on life evaluation has been considered only for the 316LSS specimens with 
Kt,n=1.5 and 2.5. In order to take into account the crack initiation site, a FEM analysis has been conducted on the considered 
specimens. The same stress recorded in the experimental tests conducted on the notched specimens has been applied as a 
tensile stress of a static linear analysis. The local stress occurring at the same location where the crack initiated σ'loc has been 
obtained. The distance of the crack initiation spot from the tip has been obtained by observing the fracture on the tested 
specimens. A new stress concentration factor K’t has been evaluated as the ratio between the local value of stress and the 
nominal stress σN already defined [39]. 
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The final stress concentration for Kt,n=1.5 and 2.5 of  316LSS  specimens which takes into account the notch sensitivity 
and the crack initiation site has been calculated as: 
 

 '
t

f

1
1

ρ
1

K
K

r


 


                                                                                     (19) 

 
Fatigue life has been finally evaluated with the model obtained by substituting the stress concentration of Eq. (17) into Eq. 
(13). The results are represented in Fig. 12. Considering crack initiation position slightly improves the results. 
 

 
 

Figure 12: Life evaluation of 316LSS employing I-S parameter modified with K'f. 
 
 

DISCUSSION 
 

he accuracy of the evaluation of failure life employing Itoh-Sakane’s parameter modified with Kt,n varies depending 
on the considered material and notch radius. Fig. 8 shows that proportional and non-proportional data of 6061Al 
are characterized by the same trend. Failure lives of specimens featuring high values of Kt,n (4.2 and 6.0) are 

underestimated, while data associated with Kt,n =1.5 and 2.5 are located within the factor of 2 band. The underestimation is 
due to the low notch sensitivity. In fact, Tab. 2 shows that despite of the increment of stress concentration factor from 4.2 
to 6.0, failure life does not decrease as suggested by the values of Kt,n. Therefore, if the parameter is modified considering 
the stress concentration factor evaluated in the static field, the underestimation is unavoidable. In case of 316LSS, the trend 
of the data is slightly different from 6061Al. Failure life of the specimens subjected to PP is well evaluated. CI case features 
a slight underestimation for Kt,n=6.0 and 1.5. Generally, fatigue life of steel specimens is estimated more accurately than 
6061Al both for proportional and non-proportional loading, due to the higher notch sensitivity of the material.  
In order to take into account the material notch sensitivity, fatigue notch factor Kf calculated by means of Eq. (1) has been 
considered in I-S parameter. Failure life data of 6061Al evaluated by using the model modified with Kf  are  located within 
the factor of 2 scatter band (Fig. 11), suggesting that the cause of the underestimation is notch sensitivity. In case of 316LSS, 
the improvement does not extend for all data. If non-proportional loading is considered, failure life is well estimated for Kt,n 

=2.5, 4.2 and 6.0. However, it can be observed in Fig. 12 that the data related to PP for 316LSS are overestimated, probably 
due to the hypothesis Kε ≈ Kt.n. , but still in the limit of the factor of 2 band. 
Finally, there is an anomalous case for what concerns life evaluation of 316LSS. Failure life of the specimen featuring 
Kt,n=1.5 is underestimated despite of the application of Kf, indicating that the cause of the underestimation is not notch 

T 



 

                                                                S. Bressan et alii, Frattura ed Integrità Strutturale, 47 (2019) 126-140; DOI: 10.3221/IGF-ESIS.47.10 
 

137 
 

sensitivity. Therefore, crack initiation site has been considered in failure life evaluation. As mentioned above, crack initiation 
site is not located at the notch tip especially for low values of Kt,n and materials characterized by a high level of additional 
hardening. Among the specimens and test conditions analyzed in this work, 316LSS specimen with Kt,n=1.5 matches the 
conditions above mentioned. This combination of notch radius and material returned an anomalous result as evidenced in 
Tab. 2. Stress concentration factors Kt,n and Kf  both consider the crack initiating at the notch tip. However, if crack initiation 
site is located in a spot moved from the notch tip fatigue life is underestimated. The results are slightly improved as shown 
in Fig. 12. The result for Kt,n=2.5 does not present a significant improvement, suggesting that the influence of the crack 
initiation site is limited to low values of Kt,n. The final models are presented in Eq. (18) for aluminum and Eq. (19) for 
316LSS: 
 

  0.690.095f NP U
f f

ε σ
1.67 (2 ) 0.35 2                         

2

K
N N

E


                       (20) 

 

 
'

0.580.087f NP U
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ε σ
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2

K
N N
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                                             (21) 

 
Note that in case of aluminum Kf has been applied instead of K'f since crack initiation position does not have influence on 
fatigue life. Eq. (20) and Eq. (21) take into account the geometry of the specimens, notch sensitivity and crack initiation site 
(for the cases where the phenomenon is relevant) in fatigue life evaluation of notched specimens subjected to proportional 
and non-proportional multiaxial low cycle fatigue. The model is not intended to be a replacement of the critical plane models 
but an alternative that simplify the life evaluation, making this model suitable for preliminary evaluations which would be 
demanding in terms of time in order to take into account all the phenomena involved for this typology of loading and 
geometry. 
Some last considerations about the model must be made. Being the crack initiation site on a notch for non-proportional 
loading a phenomenon rarely reported in the literature, its evaluation a priori still relies on the experimental observations of 
the crack.  
 
 
CONCLUSIONS 
 

n order to observe the influence of notch sensitivity and crack initiation site on failure life, notched specimens made 
by 316LSS and aluminum 6061Al were tested with proportional and non-proportional low cycle fatigue loading paths. 
Failure life was obtained, evidencing a general reduction in fatigue life for non-proportional loading with exceptions 

for aluminum Kt,n=4.2 and 6 and steel Kt,n=1.5. Crack initiation site was also observed. Failure life was evaluated by means 
of I-S parameter associated with B-S model. The model was then modified by applying the stress concentration factor 
evaluated in the elastic field returning a general underestimation of fatigue life especially for aluminum specimens with 
Kt,n=4.2 and 6.0. The model was successively modified by taking into account the notch sensitivity and also the crack 
initiation position in the case of steel. The modified model returned generally good results, verifying the accuracy of the 
methodology proposed in this paper. The conclusions that can be drawn from the present work are listed below. 

(1) The crack initiation site on the notch surface depends on notch radius and additional hardening and influences the 
number of cycles to failure. 

(2) Notch sensitivity has influence on the failure life in equal measure for proportional and non-proportional loading. 
(3) I-S parameter associated with the B-S model can be obtained from the static properties and the cyclic curves of the 

material and returns sound results in terms of failure life evaluation. 
(4) I-S parameter modified with Kf  and K’f allows to consider the notch sensitivity of the material and the crack initiation 

site. 
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NOMENCLATURE 
 
α  additional hardening coefficient 
ε'f                 fatigue ductility coefficient 
Δεeq  strain range based on von Mises 
ΔεNP  non-proportional strain range 
Δσeq  stress range based on von Mises 
εU  ultimate tensile strain 
ρ  notch sensitivity factor 
σ'f             fatigue strength coefficient 
σU  ultimate tensile strength 
σY0.2  yield stress at ε=0.02%   
A, B  Universal Slope Method coefficients 
E  Young’s modulus 
fNP  non-proportional factor 
Kt,n  elastic stress concentration factors referred to the net section 
Kf            fatigue stress concentration factor 
K’t  local stress concentration factor      
K’f            total fatigue stress concentration factor    
Nf  number of cycles to failure 
r  notch radius  
 
 
ABBREVIATIONS 
 
6061Al      Aluminum Alloy 6061 
316LSS     Stainless steel AISI 316 L 
PP            Push-pull strain path 
CI             Circle strain path 
USM         Universal slope method 
M-M         Muralidharan-Manson method 
B-S           Bäumel-Seeger method 
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