
19 April 2024

POLITECNICO DI TORINO
Repository ISTITUZIONALE

Surface factor assessment in HCF for steels by means of empirical and non destructive techniques / Cura', Francesca
Maria; Sesana, Raffaella. - In: PROCEDIA STRUCTURAL INTEGRITY. - ISSN 2452-3216. - 5:(2017), pp. 500-507.
[10.1016/j.prostr.2017.07.151]

Original

Surface factor assessment in HCF for steels by means of empirical and non destructive techniques

Publisher:

Published
DOI:10.1016/j.prostr.2017.07.151

Terms of use:

Publisher copyright

(Article begins on next page)

This article is made available under terms and conditions as specified in the  corresponding bibliographic description in
the repository

Availability:
This version is available at: 11583/2679217 since: 2017-09-06T16:56:16Z

elsevier



ScienceDirect

Available online at www.sciencedirect.com

 

Available online at www.sciencedirect.com 

ScienceDirect 

Structural Integrity Procedia 00 (2016) 000–000  
www.elsevier.com/locate/procedia 

 

2452-3216 © 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of PCF 2016.  

XV Portuguese Conference on Fracture, PCF 2016, 10-12 February 2016, Paço de Arcos, Portugal 

Thermo-mechanical modeling of a high pressure turbine blade of an 
airplane gas turbine engine 

P. Brandãoa, V. Infanteb, A.M. Deusc* 
aDepartment of Mechanical Engineering, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1, 1049-001 Lisboa, 

Portugal 
bIDMEC, Department of Mechanical Engineering, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1, 1049-001 Lisboa, 

Portugal 
cCeFEMA, Department of Mechanical Engineering, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1, 1049-001 Lisboa, 

Portugal  

Abstract 

During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
 
© 2016 The Authors. Published by Elsevier B.V. 
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Abstract 

The fatigue limit value in steels is strongly influenced by many factors, among them the surface finish. In particular, the fatigue 
limit decreases with increasing the surface roughness, referring to standard grinded specimen.Technical literature provides an 
empirical correction factor, named surface factor, to be used if surface roughness is different from standard specimen conditions. 
This factor is traditionally lower than 1 and it reduces the fatigue limit value corresponding to the material in standard conditions. 
This coefficient may be obtained from literature graphs and it can be identified by means of two parameters: materials ultimate 
tensile strength and surface finish Ra.Aim of the present paper is to evaluate the effectiveness of fast procedures to assess the surface 
factor.  The reference is the Murakami model, which estimates the fatigue limit by means of roughness parameters other than Ra.In 
the present paper the fatigue limit estimations related to specimens with sanded Rahave been obtained by utilizing empirical 
destructive and nondestructive methods and then have been compared each other.Experimental testing was carried out on a 
structural steel specimens by means of axial alternate fatigue testing with two different surface roughness.The results obtained 
referring to Murakami model have been compared with those obtained by means of both thermographic and Staircase method.The 
Murakami model results to be easy to use and non destructive.The corresponding fatigue limit estimations match with the 
thermographic ones above all when surface roughness is elevated. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of ICSI 2017. 
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1. Introduction 

High cycle fatigue damage is a phenomenon which occurs in the material structure (Roushdy and Kandeil (1990)) 
and cracks can nucleate on the surface or subsuperficially or inside the component (Kuroda et al. (2005)). The genesis 
of these damaging phenomena substantially differs. Structural related damage evolution can be detected by means of 
nondestructive testing and termographic measurements (Maquin and Pierron (2008), Connesson et al (2011),Risitano 
and Risitano (2010), Chysochoos et al (2010), Doudard et al. (2004)) or hysteresis cycle analysis (Curà and Sesana 
(2014), Charkaluk et al. (2002), Meneghetti et al. (2013)).In case of structural material fatigue damage, the presence 
of local microplastic phenomena (Lazan (1968), Connesson et al (2011), Doudard et al. (2004)) involves local 
microdissipations and a local thermal increment which, in a thermal conductive material, causes a global surface 
temperature increase. Microplastic sites are statistically activated in relation with loading amplitude values.By means 
of experimental testing, it can be observed that specimens with rougher surface finish show lower fatigue limit values. 
This phenomenon is probably due to the local notch effect related to surface finish, which can cause surface cracks to 
arise even for very low loads.In case of surface finish, the edges of surface roughness can act as crack initiators and 
the stress distribution, in the volume of material around microcrack tip, leads to local plastic dissipations involving a 
high thermal increment. The phenomenon is uniformly distributed on the surface of the specimen.The effect of surface 
finish on high cycle fatigue behavior of steels has been widely experimentally investigated during the decades. In 
design practice, to take into account the decrement of fatigue limit for rough specimens, an empirical correction 
parameterCf, generally known as surface factor (McKelvey and Fatemi (2012), Juvinall and Marshek (2006), Hanel et 
al. (2003)), can be used to estimate the fatigue limit of a materialor component due to surface roughness effect. In 
research studies, traditional experimental approaches have been used to investigate the influence of surface finish on 
fatigue limit values, that is the fatigue limit of sets of specimens with various surface roughness have been assessed 
by means of experimental fatigue loading of specimens. The fatigue limits thus obtained have been compared each 
other, in order verify the influence of surface roughness on high cycle fatigue characterization.  

In literature the causes of this influence have been mainly investigated by means of microscopy techniques in order 
to analyze both fracture surface and fatigue crack growth. As an example in Itoga et al. (2002) a deep study about the 
effect of surface roughness on fatigue life of high resistance steels has been presented; in particular, a traditional 
experimental investigation (bending rotation fatigue tests) has been carried focusing on the fatigue limit and a related 
microscopic analysis of fracture surfaces.A great attention has been also dedicated to the transition phase between 
superficial and subsuperficial crack nucleation. It is observed that for high cycle regimes the crack nucleates 
subsuperficially and fatigue life is not affected by surface finish. The opposite happens for low cycle regimes. In this 
and other papers it has been stated that surface roughness acts as a small defect and a parameter related to the defect 
size is proposed to predict the fatigue limit. In Javidi et al. (2008) the effects of surface roughness and residual stresses 
on fatigue life are compared for a steel alloy with the same methods.In Kasarekar et al. (2008) the effect of surface 
roughness on fatigue life in contact problems has been studied by means of a Smith Watson Topper multiaxial damage 
approach and it results that surface roughness increments the value of the damage parameter.In Kuroda and Marrow 
(2008)surface finish is identified as the direct source of damage and then as an active damage site distributed on the 
material surface.  
Murakami (2002) describes roughness as distributed micro notches which, having approximatively the same 
dimensions and being continuously distributed on the surface, cause lower damage than single notches due to their 
interactions. His theory is based on the analysis of a defect equivalent area parameter, √𝐴𝐴𝐴𝐴𝑒𝑒𝑎𝑎𝑅𝑅 which takes into 
account of notch pitch and depth. The roughness parameter Ry (maximum peak to valley height) represents the 
microcrack depth.By means of this parameter it is possible to estimate the fatigue limit of some samples of specimens 
with a controlled roughness.  His research focused on medium carbon steels.Itoga et al. (2002) applied the Murakami 
method on a high resistance steel with actual roughness, obtaining results with percent differences of15% ÷24% with 
respect of experimental fatigue limit. Some correction can be applied to √𝐴𝐴𝐴𝐴𝑒𝑒𝑎𝑎𝑅𝑅 to improve the fatigue limit 
estimation. 
Furthermore, in literature many researches are described related to the estimation of HCF damage and HCF limit for 
steels by means of thermal and mechanical parameters. In particular, the evolution of both thermal increment and 
hysteresis cycle area (Chrysochoos et al. (2010), Curà and Sesana (2014), Meneghetti (2001), Meneghetti et al. (2013), 
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1. Introduction 

High cycle fatigue damage is a phenomenon which occurs in the material structure (Roushdy and Kandeil (1990)) 
and cracks can nucleate on the surface or subsuperficially or inside the component (Kuroda et al. (2005)). The genesis 
of these damaging phenomena substantially differs. Structural related damage evolution can be detected by means of 
nondestructive testing and termographic measurements (Maquin and Pierron (2008), Connesson et al (2011),Risitano 
and Risitano (2010), Chysochoos et al (2010), Doudard et al. (2004)) or hysteresis cycle analysis (Curà and Sesana 
(2014), Charkaluk et al. (2002), Meneghetti et al. (2013)).In case of structural material fatigue damage, the presence 
of local microplastic phenomena (Lazan (1968), Connesson et al (2011), Doudard et al. (2004)) involves local 
microdissipations and a local thermal increment which, in a thermal conductive material, causes a global surface 
temperature increase. Microplastic sites are statistically activated in relation with loading amplitude values.By means 
of experimental testing, it can be observed that specimens with rougher surface finish show lower fatigue limit values. 
This phenomenon is probably due to the local notch effect related to surface finish, which can cause surface cracks to 
arise even for very low loads.In case of surface finish, the edges of surface roughness can act as crack initiators and 
the stress distribution, in the volume of material around microcrack tip, leads to local plastic dissipations involving a 
high thermal increment. The phenomenon is uniformly distributed on the surface of the specimen.The effect of surface 
finish on high cycle fatigue behavior of steels has been widely experimentally investigated during the decades. In 
design practice, to take into account the decrement of fatigue limit for rough specimens, an empirical correction 
parameterCf, generally known as surface factor (McKelvey and Fatemi (2012), Juvinall and Marshek (2006), Hanel et 
al. (2003)), can be used to estimate the fatigue limit of a materialor component due to surface roughness effect. In 
research studies, traditional experimental approaches have been used to investigate the influence of surface finish on 
fatigue limit values, that is the fatigue limit of sets of specimens with various surface roughness have been assessed 
by means of experimental fatigue loading of specimens. The fatigue limits thus obtained have been compared each 
other, in order verify the influence of surface roughness on high cycle fatigue characterization.  

In literature the causes of this influence have been mainly investigated by means of microscopy techniques in order 
to analyze both fracture surface and fatigue crack growth. As an example in Itoga et al. (2002) a deep study about the 
effect of surface roughness on fatigue life of high resistance steels has been presented; in particular, a traditional 
experimental investigation (bending rotation fatigue tests) has been carried focusing on the fatigue limit and a related 
microscopic analysis of fracture surfaces.A great attention has been also dedicated to the transition phase between 
superficial and subsuperficial crack nucleation. It is observed that for high cycle regimes the crack nucleates 
subsuperficially and fatigue life is not affected by surface finish. The opposite happens for low cycle regimes. In this 
and other papers it has been stated that surface roughness acts as a small defect and a parameter related to the defect 
size is proposed to predict the fatigue limit. In Javidi et al. (2008) the effects of surface roughness and residual stresses 
on fatigue life are compared for a steel alloy with the same methods.In Kasarekar et al. (2008) the effect of surface 
roughness on fatigue life in contact problems has been studied by means of a Smith Watson Topper multiaxial damage 
approach and it results that surface roughness increments the value of the damage parameter.In Kuroda and Marrow 
(2008)surface finish is identified as the direct source of damage and then as an active damage site distributed on the 
material surface.  
Murakami (2002) describes roughness as distributed micro notches which, having approximatively the same 
dimensions and being continuously distributed on the surface, cause lower damage than single notches due to their 
interactions. His theory is based on the analysis of a defect equivalent area parameter, √𝐴𝐴𝐴𝐴𝑒𝑒𝑎𝑎𝑅𝑅 which takes into 
account of notch pitch and depth. The roughness parameter Ry (maximum peak to valley height) represents the 
microcrack depth.By means of this parameter it is possible to estimate the fatigue limit of some samples of specimens 
with a controlled roughness.  His research focused on medium carbon steels.Itoga et al. (2002) applied the Murakami 
method on a high resistance steel with actual roughness, obtaining results with percent differences of15% ÷24% with 
respect of experimental fatigue limit. Some correction can be applied to √𝐴𝐴𝐴𝐴𝑒𝑒𝑎𝑎𝑅𝑅 to improve the fatigue limit 
estimation. 
Furthermore, in literature many researches are described related to the estimation of HCF damage and HCF limit for 
steels by means of thermal and mechanical parameters. In particular, the evolution of both thermal increment and 
hysteresis cycle area (Chrysochoos et al. (2010), Curà and Sesana (2014), Meneghetti (2001), Meneghetti et al. (2013), 
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Kim and Jeong (2010)) are good parameters to be related with the damaging phenomena taking place in the structure 
of the material. Generally speaking, the thermographic approach to the analysis of fatigue of steels has been utilized 
from the eighties by several international research groups.The general fatigue damage approach described by Doudard 
et al. (2004) predicts a damage due to microplasticization statistically activated related to load amplitude and cycles. 
The thermographic approach well adapts to measure the effect of energy dissipation due to microplasticization in 
elastic loading.In particular, a damage accumulation approach has been proposed. According to Javidi et al. (2008), 
surface roughness can be considered as a microcrack. A microplasticization field is located at the edge of a crack, even 
if load is in the elastic field. The thermal increment measured on the specimen surface (same material, same loading 
condition, different surface roughness) may be generated only by the microplasticization located at the edges of the 
roughness. This way, the thermal increment can be considered as a damage evolution parameter 

In the present paper the two different techniques have been compared, Murakami and thermal approaches for the 
estimation of the fatigue limit.  

In particular the fatigue limit estimations obtained with the different methods give surface factors estimations 
which are compared with literature ones. 

2. Materials and methods 

The investigated surface roughness parameters are Ra, Rz and Rt according to UNI EN ISO 4287. To this aim a 
statistical analysis has been carried on to find out the adequate number of measurements for an effective roughness 
measurement. The same analysis has been performed on Murakami parameter. This statistical activity is not presented 
in this paper. In total, 13 specimens have been measured, 10 laminated (specimens B) and 3 sanded (specimens X). 
Measurements have been performed by means of a ALPA TL90 instrument. Sand processing allows to avoid any 
preferential orientation in surface finishing. All specimen surfaces have been sanded. Specimens were made of C40 
(1.0511)4 mm laminated sheet in dogbone shape, according to ASTM E466-72 and UNI 3964. Specimen dimensions 
are reported in Figure 1.C40 mechanical properties have been obtained in previous tests (Curà and Sesana (2014))and 
are reported in Table 1. Fatigue limit value has been obtained on polished specimens (Ra< 0,8 m), according to UNI 
3964. 

 

Table 1: C40 mechanical properties 

Rm [MPa] RP02 [MPa] E [GPa] D-1 [MPa] 

500 380 210 240 

 

 

 
Figure 1: Specimen geometry, dimension in mm. 

High cycle fatigue testing have been run according to ASTM E466-72 and UNI 3964 by means of constant 
amplitude loading tests and step loading tests. The procedure is consolidated for the assessment of fatigue limit for 
standard and notched specimens (Ling (2001), Itoga et al (2002), Curà and Sesana (2014), Kordatosa et al. (2013)). In 
particular, thermal and mechanical data have been processed by means of TCM (Two Curves Method,Curà et al 
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(2005)), which relies on ((Curà and Sesana (2014), Luong (1995), Meneghetti and Ricotta (2012), Curà et al (2012)). 
This method is implemented by means of linear and exponential curves. 

Residual stresses measurements have been performed on specimens by means of drilling hole method according to 
ASTM E837-13.Residual stresses measurements have been performed before and after fatigue testing. 

Hardness HRB measurements have been performed on specimen by means of a Galileo A-200 durometer, 
(1 16⁄ )′sphere. Four measurements have been performed on each specimen surface, for 2 B specimens and 2 X 
specimens. Afterwards, according to ASTM E140, HRB measurements have been converted in HV values as required 
by Murakami model. Specimens have been fatigue tested as follows. A step loading procedure has been applied with 
loading ratio R=-1 and axial loading. Loading blocks lasted 106 cycles and increments of 10 MPa have been applied 
in the following blocks until failure, in load control. Testing frequency was 10 Hz for the first 105 cycles and 30 Hz 
for the remaining cycles. An Instron 8010, 100 kN load cell and hydraulic grips testing machine has been used for 
fatigue testing. A IRtech Radiamatic TImage Mk4 termocamera whas been positioned in front of the specimens during 
fatigue cycling. Specimens were black painted to maximize thermal emission. Acquisition frequency was set to 1 Hz. 

Thermal data have been processed to obtain stabilization thermal increment for each specimen and each loading 
block, for 10 and 30 Hz. Then these increments have been processed by means of One Curve Method (Fargione et al 
(2001), Two Curve Method (Curà and Sesana (2014), Curà et al (2005)), Modified Staircase (Zhao and Yang (2008), 
CIMAC (2009)) and Murakami method (Murakami (2002)) to estimate fatigue limit. 

Fatigue limit of specimens has been also estimated by means of literature Cffactor.In particular, starting from the 
fatigue limit D-1 of the material obtained by means of Standard specimens (surface finish Ra=0.8 m) and Standard 
tests, it may be calculated as follows the corresponding σD−1

*  for specimens with higher surface roughness:  

σD−1
* =Cs ×σD−1          (1) 

The Cf factor can be obtained by means of literature data. In Rossetto (2000) a diagram, reported in Figure 2, is 
obtained processing Standard UNI 3964 indications.The values selected for the present research will be named 
Cf(St)Another way to estimate the surface factor is reported in (Budynas and Nisbett (2008), Noll and Lipson (1946)) 
as a power low function of the UTS of the material, where a constant proportional factor and an exponent are material 
parameters available in tables for ground, machined or cold drawn, hot rolled and as forged steels.A similar parameter 
is defined in FKM German guidelines (Hanel et al. (2003)). Due to lack of data, the Cf(Noll)estimation has been done 
with parameters related to hot rolled materials.McKelvey and Fatemi (2012) also processed literature data and obtained 
graphs similar to Figure 2 to for the same previous groups of materials. Cf(Fatemi)was then obtained from that graph. 

 
Figure 2: Cf diagram (Rossetto (2000)) 

A further fatigue limit estimation has been performed by means of Murakami method (Murakami (2002)).  
According to Murakami, fatigue limit values can be obtained basing on two parameters: one related to material 

properties (UTS, Yield stress, HV) and one related to geometry of defect. HV has been selected due to easiness of 
measurements and to Garwood et alii (1951) linear relation between HV and fatigue limit which, up to 400 HV showed 

 

UTS [MPa] 
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2. Materials and methods 

The investigated surface roughness parameters are Ra, Rz and Rt according to UNI EN ISO 4287. To this aim a 
statistical analysis has been carried on to find out the adequate number of measurements for an effective roughness 
measurement. The same analysis has been performed on Murakami parameter. This statistical activity is not presented 
in this paper. In total, 13 specimens have been measured, 10 laminated (specimens B) and 3 sanded (specimens X). 
Measurements have been performed by means of a ALPA TL90 instrument. Sand processing allows to avoid any 
preferential orientation in surface finishing. All specimen surfaces have been sanded. Specimens were made of C40 
(1.0511)4 mm laminated sheet in dogbone shape, according to ASTM E466-72 and UNI 3964. Specimen dimensions 
are reported in Figure 1.C40 mechanical properties have been obtained in previous tests (Curà and Sesana (2014))and 
are reported in Table 1. Fatigue limit value has been obtained on polished specimens (Ra< 0,8 m), according to UNI 
3964. 

 

Table 1: C40 mechanical properties 

Rm [MPa] RP02 [MPa] E [GPa] D-1 [MPa] 

500 380 210 240 

 

 

 
Figure 1: Specimen geometry, dimension in mm. 

High cycle fatigue testing have been run according to ASTM E466-72 and UNI 3964 by means of constant 
amplitude loading tests and step loading tests. The procedure is consolidated for the assessment of fatigue limit for 
standard and notched specimens (Ling (2001), Itoga et al (2002), Curà and Sesana (2014), Kordatosa et al. (2013)). In 
particular, thermal and mechanical data have been processed by means of TCM (Two Curves Method,Curà et al 
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(2005)), which relies on ((Curà and Sesana (2014), Luong (1995), Meneghetti and Ricotta (2012), Curà et al (2012)). 
This method is implemented by means of linear and exponential curves. 

Residual stresses measurements have been performed on specimens by means of drilling hole method according to 
ASTM E837-13.Residual stresses measurements have been performed before and after fatigue testing. 

Hardness HRB measurements have been performed on specimen by means of a Galileo A-200 durometer, 
(1 16⁄ )′sphere. Four measurements have been performed on each specimen surface, for 2 B specimens and 2 X 
specimens. Afterwards, according to ASTM E140, HRB measurements have been converted in HV values as required 
by Murakami model. Specimens have been fatigue tested as follows. A step loading procedure has been applied with 
loading ratio R=-1 and axial loading. Loading blocks lasted 106 cycles and increments of 10 MPa have been applied 
in the following blocks until failure, in load control. Testing frequency was 10 Hz for the first 105 cycles and 30 Hz 
for the remaining cycles. An Instron 8010, 100 kN load cell and hydraulic grips testing machine has been used for 
fatigue testing. A IRtech Radiamatic TImage Mk4 termocamera whas been positioned in front of the specimens during 
fatigue cycling. Specimens were black painted to maximize thermal emission. Acquisition frequency was set to 1 Hz. 

Thermal data have been processed to obtain stabilization thermal increment for each specimen and each loading 
block, for 10 and 30 Hz. Then these increments have been processed by means of One Curve Method (Fargione et al 
(2001), Two Curve Method (Curà and Sesana (2014), Curà et al (2005)), Modified Staircase (Zhao and Yang (2008), 
CIMAC (2009)) and Murakami method (Murakami (2002)) to estimate fatigue limit. 

Fatigue limit of specimens has been also estimated by means of literature Cffactor.In particular, starting from the 
fatigue limit D-1 of the material obtained by means of Standard specimens (surface finish Ra=0.8 m) and Standard 
tests, it may be calculated as follows the corresponding σD−1

*  for specimens with higher surface roughness:  

σD−1
* =Cs ×σD−1          (1) 

The Cf factor can be obtained by means of literature data. In Rossetto (2000) a diagram, reported in Figure 2, is 
obtained processing Standard UNI 3964 indications.The values selected for the present research will be named 
Cf(St)Another way to estimate the surface factor is reported in (Budynas and Nisbett (2008), Noll and Lipson (1946)) 
as a power low function of the UTS of the material, where a constant proportional factor and an exponent are material 
parameters available in tables for ground, machined or cold drawn, hot rolled and as forged steels.A similar parameter 
is defined in FKM German guidelines (Hanel et al. (2003)). Due to lack of data, the Cf(Noll)estimation has been done 
with parameters related to hot rolled materials.McKelvey and Fatemi (2012) also processed literature data and obtained 
graphs similar to Figure 2 to for the same previous groups of materials. Cf(Fatemi)was then obtained from that graph. 

 
Figure 2: Cf diagram (Rossetto (2000)) 

A further fatigue limit estimation has been performed by means of Murakami method (Murakami (2002)).  
According to Murakami, fatigue limit values can be obtained basing on two parameters: one related to material 

properties (UTS, Yield stress, HV) and one related to geometry of defect. HV has been selected due to easiness of 
measurements and to Garwood et alii (1951) linear relation between HV and fatigue limit which, up to 400 HV showed 

 

UTS [MPa] 



504 Raffaella Sesana et al. / Procedia Structural Integrity 5 (2017) 500–507
 Francesca Curà / Structural Integrity Procedia 00 (2017) 000–000 5 

very little scattering. For what concerns defect geometry parameter √𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅has been selected according to Murakami 
(2002).  

σw =
1, 43 HV +120( )

areaR( )
1

6
          (2) 

In particular in Ry is proposed as the parameter related to defect depth, i.e. the worst case. In the present paper 
√𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅  was calculated by means of Ra, Rz and Ry to compare the different results.  

For what concerns residual stresses in Itoga (2002) it is stated that for hardened alloy steels, residual stresses do not 
affect fatigue life. In Javidi (2008) a quenched alloy steel show a strong relation between residual stresses and fatigue 
limit Murakami suggests an equation taking into account of residual stresses whose effect can be assumed as local 
mean stress effects and to take into account of means stresses the formula is: 

σw =
1, 43 HV +120( )

areaR( )
1

6
× 1−R
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         (3) 

where R is the stress ratio resulting from the mean and amplitude applied stresses. In the present research the stress 
ratio was calculated adding the residual stresses to applied stress values. 

In the present research the following roughness parameters have been selected for the calculation of √𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅: Rt=a 
and Rsm=2b according to the model indications. From a statistical point of view, Murakami parameter has been 
processed as roughness parameters ones. In particular, to obtain a reliable parameter value, stabilization of standard 
deviation of measurements takes place after 15 measurements per specimen side.  

For what concerns hardness measurements, two specimens per each sample have been measured and on each 
specimen 4 measurements per side have been performed. Then the measured values average has been calculated on 
each side and on the whole set of measurements to check for inhomogeneities and to obtain the final value. 

Acquired and TCM processed parameters have been related to surface temperature obtained at 10 and 30 Hz fatigue 
testing frequency. The obtained fatigue limits have been compared with calculated results related to both laminated 
and sanded specimens. 

3. Results 

Roughness measurements and residual stresses measurements results are reported in the followingTable 2. 
These measurements showed that residual stresses are present only in the near surface layer and for both sanded 

and grinded specimen, new and fatigue tested ones, the value is approximatively 200 MPa. It then results that the sand 
process does not affect the residual stress state thus allowing assessing that the following results related to surface 
effect are not affected by the sand process. 

Table 2: surface measurements results 

 

Ra [m] Rz [m] Rt [m] Max residual 
stress [MPa] 

Min residual 
stress [MPa] 

Laminated new 1,5 8,6 11,67 213/248 -166/-272 

Laminated fatigue tested - - - 264/258 -212/-213 

Sanded new 2,9 16,8 20,4 215/223 -176/-195 

Sanded fatigue tested - - - 205/161 -138/-275 
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Hardness measurements give the following results: 116 HV for grinded specimens and 117 HV for sanded ones. 
These results allow to assume that sand processing do not influence the hardness status on the specimens. The same 
can be assumed for residual stresses both for sand processing and fatigue loading 

3.1. Fatigue limit calculation 

The calculated Cf factors are reported in Table 3. 
The results of fatigue limit estimation are reported in Table 4: columns 2 and 5 show the results of the fatigue limit 

estimation according to the different methods for laminated and sanded specimens respectively; columns 3 and 6 show 
the corresponding percent difference with respect to SM calculated values; columns 4 and 7 the obtained Cf values 
obtained as the ratio between the corresponding estimation and the SM estimation 

Table 3: Cf calculation 

 Laminated Sanded 

Cf(St) 0,98 0,96 

Cf(Noll) 0,67 - 

Cf(Fatemi) 0,55 - 
 

Table 4: fatigue limit calculation. By means of Cf (Rossetto (2000)) (SM), Modified Stair case method (MSC), Murakami Method with Ra 
without (MM Ra) and with Residual stresses (MM Ra RS), Murakami Method with Rz without (MM Rz) and with Residual stresses (MM Rz RS), 
Murakami Method with Rt without (MM Rt) and with Residual stresses (MM Rt RS), 

  Laminated sanded 

 σD−1
*  [MPa] % diff Cf σD−1

*  [MPa] % diff Cf 

SM 235,2   230,4   
MSC 230 -2,1 0,96 235 2,0 0,98 

OCM 238 1,3 0,99 160 -30,6 0,67 

TCM 211 -10,2 0,88 166 -28,0 0,69 

MM Ra  258,7 10,1 1,08 235,3 2,1 0,98 

MM Ra RS 224,0 -4,7 0,93 204,0 -11,5 0,85 

MM Rz  196,5 -16,4 0,82 182,5 -20,8 0,76 

MM Rz RS 170,0 -27,7 0,71 158,0 -31,4 0,66 

MM Rt 185,4 -21,1 0,77 174,4 -24,3 0,73 

MM Rt RS 161 -31,5 0,67 151 -34,5 0,63 
 

4. Discussion and conclusions 

An investigation on the applicability of different rapid and non destructive methods for the estimation of the fatigue 
limit for a low resistance steel in presence of surface roughness is presented. The different methods were compared 
both for what concerns the estimation results and from an experimental point of view. 

For what concerns fatigue limit estimation by means of the modified stair case method (MSC), sanded specimens 
showed failures at scattered numbers of cycles above all for loading values close to the fatigue limit. This made the 
calculation of the corresponding fatigue limit complex and uncertain and it can be justified with the roughness which 
acts as already nucleated microcracks: as soon as the threshold value is reached, their propagation is activated. These 
results agree with Dixon et al (2016). 

For what concerns the fatigue limit evaluated by means of thermal methods, sanded specimens showed very low 
thermal increments for low loading amplitudes and elevated ones (higher than 40 °C) for elevated loading amplitudes. 
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where R is the stress ratio resulting from the mean and amplitude applied stresses. In the present research the stress 
ratio was calculated adding the residual stresses to applied stress values. 

In the present research the following roughness parameters have been selected for the calculation of √𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅: Rt=a 
and Rsm=2b according to the model indications. From a statistical point of view, Murakami parameter has been 
processed as roughness parameters ones. In particular, to obtain a reliable parameter value, stabilization of standard 
deviation of measurements takes place after 15 measurements per specimen side.  

For what concerns hardness measurements, two specimens per each sample have been measured and on each 
specimen 4 measurements per side have been performed. Then the measured values average has been calculated on 
each side and on the whole set of measurements to check for inhomogeneities and to obtain the final value. 

Acquired and TCM processed parameters have been related to surface temperature obtained at 10 and 30 Hz fatigue 
testing frequency. The obtained fatigue limits have been compared with calculated results related to both laminated 
and sanded specimens. 

3. Results 

Roughness measurements and residual stresses measurements results are reported in the followingTable 2. 
These measurements showed that residual stresses are present only in the near surface layer and for both sanded 

and grinded specimen, new and fatigue tested ones, the value is approximatively 200 MPa. It then results that the sand 
process does not affect the residual stress state thus allowing assessing that the following results related to surface 
effect are not affected by the sand process. 

Table 2: surface measurements results 

 

Ra [m] Rz [m] Rt [m] Max residual 
stress [MPa] 

Min residual 
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Laminated new 1,5 8,6 11,67 213/248 -166/-272 

Laminated fatigue tested - - - 264/258 -212/-213 
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Hardness measurements give the following results: 116 HV for grinded specimens and 117 HV for sanded ones. 
These results allow to assume that sand processing do not influence the hardness status on the specimens. The same 
can be assumed for residual stresses both for sand processing and fatigue loading 

3.1. Fatigue limit calculation 

The calculated Cf factors are reported in Table 3. 
The results of fatigue limit estimation are reported in Table 4: columns 2 and 5 show the results of the fatigue limit 

estimation according to the different methods for laminated and sanded specimens respectively; columns 3 and 6 show 
the corresponding percent difference with respect to SM calculated values; columns 4 and 7 the obtained Cf values 
obtained as the ratio between the corresponding estimation and the SM estimation 

Table 3: Cf calculation 
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Cf(St) 0,98 0,96 

Cf(Noll) 0,67 - 
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without (MM Ra) and with Residual stresses (MM Ra RS), Murakami Method with Rz without (MM Rz) and with Residual stresses (MM Rz RS), 
Murakami Method with Rt without (MM Rt) and with Residual stresses (MM Rt RS), 

  Laminated sanded 
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*  [MPa] % diff Cf σD−1
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SM 235,2   230,4   
MSC 230 -2,1 0,96 235 2,0 0,98 

OCM 238 1,3 0,99 160 -30,6 0,67 

TCM 211 -10,2 0,88 166 -28,0 0,69 

MM Ra  258,7 10,1 1,08 235,3 2,1 0,98 
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MM Rt 185,4 -21,1 0,77 174,4 -24,3 0,73 

MM Rt RS 161 -31,5 0,67 151 -34,5 0,63 
 

4. Discussion and conclusions 

An investigation on the applicability of different rapid and non destructive methods for the estimation of the fatigue 
limit for a low resistance steel in presence of surface roughness is presented. The different methods were compared 
both for what concerns the estimation results and from an experimental point of view. 

For what concerns fatigue limit estimation by means of the modified stair case method (MSC), sanded specimens 
showed failures at scattered numbers of cycles above all for loading values close to the fatigue limit. This made the 
calculation of the corresponding fatigue limit complex and uncertain and it can be justified with the roughness which 
acts as already nucleated microcracks: as soon as the threshold value is reached, their propagation is activated. These 
results agree with Dixon et al (2016). 

For what concerns the fatigue limit evaluated by means of thermal methods, sanded specimens showed very low 
thermal increments for low loading amplitudes and elevated ones (higher than 40 °C) for elevated loading amplitudes. 
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More in detail, the fatigue limit estimation provided by OCM has been easily obtained, being required only the 
stabilization temperature value which has been generally reached for about 105 cycles and the following cycles to 
failure scattering did not influence the results. For TCM, the estimation calculated by processing experimental data 
measured at 10 Hz has been complex, due to very few data available at low amplitude loads, then increasing the 
estimation uncertainty. So, the estimation has been performed only with 30 Hz data. It has to be noted that the 
experimental procedure applied a step loading starting from loading levels close to the fatigue limit and two loading 
frequencies to speed up the tests. Temperature data for low loading levels were then few. 

Murakami method returns the higher percent differences. In case the roughness parameter is Rt, the more 
conservative estimation has been obtained. The use of the roughness high averaged on 10 peaks and valleys (Rz) 
decreases the value of √𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅  reducing the gap with the reference fatigue limit estimation, with a still conservative 
result. The use of Ra, that is the mean arithmetic difference, already discussed by Itoga, is the procedure which, for 
this low resistance steel, gives the best estimation. Considering an average roughness value (Ra) instead of a value 
closer to the higher peak value (Rt) can simulate the interaction effect between the distributed micro notches mentioned 
by Itoga, resulting in a better estimation of the fatigue limit. These obtained percent differences agree with Itoga 
results. 

All the methods return conservative Cf values and the comparison with Cf(St) results far from it. This comparison is 
not reliable as the Cf(St) is obtained from a generic graph which can be used for any steel and for generic processing 
and surface roughness. It also refers to Ra which has been demonstrated to be a not optimal parameter to estimate 
fatigue behaviour (Gadelmawla et al. (2002)). 

This leads to state that the definition of the Cf needs a deeper investigation, with dedicated testing and models 
taking into account of materials, processing and loading conditions, as for example in McKelvey and Fatemi(2012). 
In particular, according to Shareef and Hasselbusch (1996), if dedicated tests are performed it gives reliable 
estimations, else it gives general indications and, as in the case of the here investigated carbon steel, it can also 
underestimate the fatigue limit. 

For what concerns non destructive approach to Cf and fatigue limit, Murakami method is a fast and non destructive 
method to estimate the fatigue limit in presence of surface roughness. It needs an accurate procedure for a correct 
roughness estimation (20-30 measurements per material). 

Thermal methods, and in particular TCM, give results comparable and better, of fatigue limit and Cf despite the 
more complex testing activity required to obtain the estimation. 

References 

ASTM E 466–72. Standard Practice for Conducting Constant Amplitude Axial Fatigue Test of Metallic Materials. ASTM International, PA, US. 
ASTM E140-12be1, Standard Hardness Conversion Tables for Metals Relationship Among Brinell Hardness, Vickers Hardness, Rockwell 

Hardness, Superficial Hardness, Knoop Hardness, Scleroscope Hardness, and Leeb Hardness, ASTM International, West Conshohocken, PA, 
2012 

ASTM E837-13a, Standard Test Method for Determining Residual Stresses by the Hole-Drilling Strain-Gage Method, ASTM International, West 
Conshohocken, PA, 2013. 

Budynas R., Nisbett J., 2008.  Shigley’s mechanical engineering design. 8th ed. McGraw Hill, New York (NY).  
Charkaluk E., Bignonnet A., Constantinescu A. Dang Vang K., 2002. Fatigue design of structures under thermomechanical loadings. Fatigue Fract. 

Engng. Mater. Struct. 25, 199–206. 
Chrysochoos A., Huon V., Jourdan F., Muracciole J. M., Peyroux R., Wattrisse B., 2010. Use of full-field digital image correlation and infrared 

measurements for the thermomechanical analysis of material behaviour. Strain 46, 117–130. 
CIMAC, “Guidance for evaluation of Fatigue Tests”, IACS UR M53, Appendix IV, 2009. 
Connesson N., Maquin F., Pierron F., 2011. Dissipated energy measurements as a marker of microstructural evolution: 316L and DP600. Acta 

Materialia 59 (2011) 4100–4115. 
Curà F., Curti G., Sesana R., 2005. A new iteration method for the thermographic determination of fatigue limit in steels, Int. J. Fatigue, 27,  453-

459. 
Curà, F., Gallinatti, A. E. and Sesana, R., 2012. Dissipative aspects in thermographic methods. Fatigue Fract. Engng. Mater. Struct., 5, 1133–1147. 
Curà F., Sesana R., 2014, Mechanical and thermal parameters for high-cycle fatigue characterization in commercial steels. Fatigue Fract Engng 

Mater Struct 37, 883–896. 
Dixon B., Molent L., Barter S., 2016. A study of fatigue variability in aluminium alloy 7050-T7451. International Journal of Fatigue 92, 130–146. 
Doudard C., Calloch S., Hild F., Cugy P. and Galtier A., 2004, Identification of the scatter in high cycle fatigue from temperature measurement. 

Comptes Rendus de Mécanique 332, 795–801. 

8 Francesca Curà / Structural Integrity Procedia  00 (2017) 000–000 

Fargione G., Geraci A., La Rosa G., Risitano A., 2001. Rapid determination of the fatigue curve by the thermographic method. Int. J. Fatigue, 24, 
11-19. 

Gadelmawla E. S., Koura M. M, Maksoud T. M. A., Elewa I. M., Soliman H. H., 2002. Roughness parameters. J Mater Process Technol 123, 33–
45. 

Garwood M.F., Zurburg H.H., Erickson M.A., 1951. Correlation of laboratory tests and service performance, interpretation of tests and correlation 
with service. ASM 1–77. 

Hanel B., Haibach E., Seeger T., Wirthgen G., Zenner H., 2003. Analytical strength assessment of components in mechanical engineering: FKM 
guidelines. 5th ed. VDMA Verl., Frankfurt am Main 54(5). 

Itoga H., Tokaji K., Nakajima M., Ko H.-N., 2002. Effect of Surface roughness on step-wise S-N characteristics in high strenght steel, International 
Journal of Fatigue 25, 379-385. 

Javidi A., Rieger U., Eichlseder W., 2008. The effect of machining on the surface integrity and fatigue life. International Journal of Fatigue 30, 
2050–2055. 

Juvinall R. C., Marshek K. M., 2006. Fundamentals of Machine Component Design. John Wiley and Sons, Inc. NJ, USA. 
Kasarekar A.T., Sadeghi F., Tseregouni S., 2008. Fretting fatigue of rough surfaces. Wear 264, 719–730. 
Kim, J., Jeong, H. Y., 2010. A study on the hysteresis, surface temperature change and fatigue life of SM490A, SM490Aweld and FC250 metal 

materials. Int. J. Fatigue 32, 1159–1166. 
Kordatosa E.Z., Dassiosa K.G., Aggelisa D.G., Matikasa T.E., 2013. Rapid evaluation of the fatigue limit in composites using infraredlock-in 

thermography and acoustic emission. Mechanics Research Communications 54, 14– 20. 
Kuroda M., Marrow J.T., 2008. Modelling the effects of surface finish on fatigue limit in austenitic stainless steels. Fatigue and Fracture of 

Engineering Materials and Structures 31 (7), 581–598. 
Lazan B. J., 1968. Damping of Materials and Members in Structural Mechanics. Pergamon Press, UK. 
Lin S. K., Lee Y. L., Lu M. W., 2001. Evaluation of the staircase and the accelerated test methods for fatigue limit distributions. International 

Journal of Fatigue 23, 75–83. 
Luong, M. P., 1995. Infrared thermographic scanning of fatigue in metals. Nucl. Eng. Des., 158, 363–376. 
McKelvey  S.A., Fatemi A., 2012. Surface finish effect on fatigue behavior of forged steel. International Journal of Fatigue 36, 130–145. 
Maquin F., Pierron F., 2008. Heat dissipation measurements in low stress cyclic loading of metallic materials: From internal friction to micro-

plasticity. Mechanics of Materials 41, 928–942. 
Meneghetti G., Ricotta M., Masaggia S., Atzori B., 2013. Comparison of the low-cycle and medium-cycle behaviour of ferritic, pearlitic, isothermed 

and austempered ductile irons. Fatigue Fract. Engng. Mater. Struct. 36, 913–929. 
Meneghetti G., 2007. Analysis of the fatigue strength of a stainless steel based on the energy dissipation. Int. J. Fatigue 29, 81–94. 
Meneghetti, G. and Ricotta, M., 2012. The use of the specific heat loss to analyse the low- and high-cycle fatigue behavior of plane and notched 

specimens made of a stainless steel. Fatigue Fract. Engng. Mater. Struct., 81, 2–17. 
Murakami Y., Metal Fatigue: Effects of Small Defects and Nonmetallic Inclusions, Elsevier, Amsterdam, 2002. 
Noll C.J., Lipson C., 1946. Allowable Working Stresses. Society for Experimental Stress Analysis 3 (2) 89-109. 
Risitano A., Risitano G., 2010. Cumulative damage evaluation of steel using infrared thermography. Theor. Appl. Fract. Mech., 54, 82-90. 
Rossetto M., 2000. Introduction to fatigue of materials and mechanical components (in Italian). Levrotto&Bella, Torino, Italy. 
Roushdy E.H., Kandeil A.Y., 1990, Influence of surface finish on fatigue life of steel specimens subjected to pure bending. Engineering Journal of 

Qatar University, 3, 25-35. 
Shareef I., Hasselbusch M. D., 1996. Endurance limit modifying factors for hardened machined surfaces. SAE Trans105(5), 889–99. 
Zhao Y.X., Yang B., 2008. Probabilistic measurements of the fatigue limit data from a small sampling up-and-down test method. Int. J. Fatigue, 30 

2094–2103. 
UNI 3964 (1984) Mechanic Tests for Metallic Materials. Fatigue Tests Performed at Ambient Temperature. General Principles (in Italian). UNI 

Ente Nazionale Italiano di unificazione, Milano Italy. 
UNI EN ISO 4287 Geometrical product specifications (GPS) surface texture: profile method terms, definitions and surface texture parameters, 

Milano, Ente Nazionale Italiano di Unificazione, 2009. 



 Raffaella Sesana et al. / Procedia Structural Integrity 5 (2017) 500–507 507
 Francesca Curà / Structural Integrity Procedia 00 (2017) 000–000 7 

More in detail, the fatigue limit estimation provided by OCM has been easily obtained, being required only the 
stabilization temperature value which has been generally reached for about 105 cycles and the following cycles to 
failure scattering did not influence the results. For TCM, the estimation calculated by processing experimental data 
measured at 10 Hz has been complex, due to very few data available at low amplitude loads, then increasing the 
estimation uncertainty. So, the estimation has been performed only with 30 Hz data. It has to be noted that the 
experimental procedure applied a step loading starting from loading levels close to the fatigue limit and two loading 
frequencies to speed up the tests. Temperature data for low loading levels were then few. 

Murakami method returns the higher percent differences. In case the roughness parameter is Rt, the more 
conservative estimation has been obtained. The use of the roughness high averaged on 10 peaks and valleys (Rz) 
decreases the value of √𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅  reducing the gap with the reference fatigue limit estimation, with a still conservative 
result. The use of Ra, that is the mean arithmetic difference, already discussed by Itoga, is the procedure which, for 
this low resistance steel, gives the best estimation. Considering an average roughness value (Ra) instead of a value 
closer to the higher peak value (Rt) can simulate the interaction effect between the distributed micro notches mentioned 
by Itoga, resulting in a better estimation of the fatigue limit. These obtained percent differences agree with Itoga 
results. 

All the methods return conservative Cf values and the comparison with Cf(St) results far from it. This comparison is 
not reliable as the Cf(St) is obtained from a generic graph which can be used for any steel and for generic processing 
and surface roughness. It also refers to Ra which has been demonstrated to be a not optimal parameter to estimate 
fatigue behaviour (Gadelmawla et al. (2002)). 

This leads to state that the definition of the Cf needs a deeper investigation, with dedicated testing and models 
taking into account of materials, processing and loading conditions, as for example in McKelvey and Fatemi(2012). 
In particular, according to Shareef and Hasselbusch (1996), if dedicated tests are performed it gives reliable 
estimations, else it gives general indications and, as in the case of the here investigated carbon steel, it can also 
underestimate the fatigue limit. 

For what concerns non destructive approach to Cf and fatigue limit, Murakami method is a fast and non destructive 
method to estimate the fatigue limit in presence of surface roughness. It needs an accurate procedure for a correct 
roughness estimation (20-30 measurements per material). 

Thermal methods, and in particular TCM, give results comparable and better, of fatigue limit and Cf despite the 
more complex testing activity required to obtain the estimation. 
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