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ABSTRACT 

In the present paper a procedure for fatigue strength assessment of 

metals containing solidification defects is employed to analyse the 

fatigue behaviour of a ductile cast iron (DCI) characterised by a 

relevant micro-shrinkage porosity. The procedure implements: (i) a 

statistical method deriving from extreme value theory, (ii) the area

-parameter model, and (iii) the multiaxial critical plane-based 

criterion by Carpinteri at al. According to the above statistical 

method, both the distribution of defects and the return period are 

determined. More precisely, the return period is computed by also 

exploiting a relationship here proposed to optimise the accuracy of 

the procedure in terms of fatigue strength estimation.  The great 

potential of the present procedure is that the defect content 

analysis (performed by means of a statistical method deriving from 

extreme value theory) can be easily performed using machine learning 

techniques. 
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1. INTRODUCTION 

Ductile Cast Iron (DCI) is a cast iron with a microstructure 

characterised by small spherical graphite particles embedded in a 

matrix, which is usually ferritic and/or pearlitic, depending on 

alloy composition, casting control and final heat treatment1.  Other 

names of DCI are nodular, spherulitic and spheroidal cast iron.   

Over the last years, the fabrication of heavy section DCI 

components (i.e. DCI components of weight on the order of tens of 

tons) for structural purposes has increased due to the favourable 

combination of both mechanical and technological properties and low 

production costs.  As a matter of fact, DCI is widely used in the 

critical automotive parts (as crankshafts), big engine blocks, parts 

of hydraulic presses, canisters for nuclear waste storage and wind 

turbines2.  In order to give an order of magnitude of the material 

quantity involved in the production of heavy section components, a 

single wind turbine contains approximately 10-25 tons of DCI. 

As pointed out by Benedetti et al.3 and Borsato et al.4, heavy 

section casting involves long solidification times with the 

consequence that a fully control of casting quality is not possible, 

that is, the microstructure of the DCIs cannot be controlled.  It 

is well known that the microstructure depends on several factors, 

and more precisely: alloying elements, casting temperature, cooling 

rate and spheroidization of graphite5.   

The DCI microstructure can be efficiently controlled in small DCI 

components, whereas in real components (such as heavy section DCI 

components) the control of the microstructure during solidification 

and cooling is rather difficult, thus introducing in the material 

solidification defects in terms of shrinkage porosity.  For example, 

Figure 1 shows the fracture surface SEM images (at different 

magnification levels) of some DCI specimens revealing the presence 

of the typical micro-shrinkage pores.  
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Figure 1.  DCI SEM fracture surface analysis: micro-shrinkage 

pores at different magnification levels. 

 

Therefore, in order to design heavy section DCI components 

against fatigue failure, the detrimental effect of such defects on 

fatigue strength has to be taken into account in fatigue assessment.  

One of the most employed approach is the area -parameter model, 

proposed by Murakami6 and Yanase et al.7.  More precisely, several 

Authors have implemented the area -parameter model in their proposed 

fatigue strength criteria, in order to improve fatigue 

strength/lifetime estimation (see for instance Refs [4,8]).   

In such a context, the aim of the present paper is to 

theoretically investigate the fatigue behaviour of a DCI containing 

solidification defects, in terms of micro-shrinkage porosity.  In 

particular, infinite life fatigue tests, available in the 

literature9,10 and related to both uniaxial and biaxial cyclic 

loading, are hereafter simulated by means of a procedure for fatigue 

strength assessment11, implementing: 
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(i) a statistical method deriving from Extreme Value Theory (EVT) 

to perform the defect content analysis; 

(ii) the area -parameter model6,7 to compute the fatigue limits 

under normal and shear uniaxial cyclic loading; 

(iii) the multiaxial critical plane-based criterion by Carpinteri 

at al.12-17 for both the fatigue strength assessment and the estimation 

of the fracture plane orientation.  

The above procedure has been originally applied to fatigue data 

related to a high strength steel containing non-metallic inclusions, 

providing satisfactory results in terms of fatigue strength 

estimations.  More details regarding the analytical formulation of 

the present procedure can be found in Ref. [11]. 

It is worth noticing that, although the experimental data here 

examined9,10 have been already simulated by using the Carpinteri at 

al. criterion15,16 (that is, without taking into account the effect 

of the shrinkage porosity), providing quite satisfactory results, a 

procedure taken into account the presence of such defects in the 

material is needed to be applied, being experimentally proved that 

the porosity area is the main cause of failure under high-cycle 

fatigue9,10.  

The present work is structured as follows.  Section 2 briefly 

summarises the state of the art on solidification defects and their 

influence on the mechanical and fatigue properties of DCI components.  

In Section 3, the framework of the procedure here employed for 

fatigue strength assessment and fracture plane determination is 

briefly presented.  The experimental campaign examined, performed on 

DCI specimens containing solidification defects in terms of micro-

shrinkage porosity and subjected to uniaxial and multiaxial fatigue 

loading, is described in detail in Section 4. In Section 5 the above 

procedure is applied to the above experimental tests, whereas the 

results obtained are presented and discussed in Section 6.  Finally, 

the main relevant conclusions are reported in Section 7. 

 

2. SOLIDIFICATION DEFECT INFLUENCE ON MECHANICAL PROPERTIES: A BRIEF 

REVIEW  
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The most common solidification defects contained in heavy section 

DCI components are represented by non-nodular graphite elements 

(such as exploded, spiky and chunky graphite), non-metallic 

inclusions, slag inclusions, macro- and micro-shrinkage porosity and 

micro-pores related to the presence of gas18.  Such defects, which 

have a detrimental effect on the mechanical properties of DCIs (both 

static and cyclic), can be partially avoided by means of some 

optimisation strategies19,20, although their presence are unavoidable.  

Alonso et al.20 have recently investigated the effect of selenium 

additions on the formation process of graphite, proving the 

substantial reduction of the solidification defects.  Special nano-

carbon additives have been used in the experimental research work 

by Ahmed et al.21 in order to promote the tendency of spheroidal 

graphite formation.  

As far as the static properties are concerned, the increase of 

non-nodular graphite content strongly decreases the mechanical 

properties of heavy section DCI components3,22.  As reported in the 

interesting literature review by Källbom23, the tensile strength and 

the elongation were strongly reduced due to the presence of chunky 

graphite in DCI microstructure, whereas the yield strength and 

hardness were not influenced.  Moreover, also macro- and micro-

shrinkage porosity affects the static properties of DCI components.  

For instance, Wang et al.24 demonstrated that the tensile strength 

linearly decreased with the increasing of porosity areas, whereas 

the elongation at fracture sharply decreased.   

Regarding the fatigue properties of thick walled DCI components, 

Čanžar and co-workers25 experimentally proved that the fatigue crack 

nucleation and propagation process strongly depended on the size, 

shape and distribution of graphite particles.  In particular, it was 

shown that the largest irregular graphite particles reduced both the 

fracture toughness and the fatigue strength.  However, according to 

Borsato et al.26, the fatigue behaviour is influenced mostly by micro-

shrinkage porosity and less by degenerated graphite particles.  Such 

a statement has been confirmed by several Authors.  For instance, 

Nadot et al.27,28, investigating the High Cycle Fatigue (HCF) 
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behaviour of a DCI under tensile cyclic loading, identified as crack 

nucleation site a single micro-shrinkage pore located at the specimen 

surface and, consequently, concluded that the solidification defects 

near the surface were more deleterious than the internal ones.  

Similarly, Kainzinger et al.29 observed that micro-shrinkage pores 

were the dominant sites for fatigue crack nucleation in specimens 

extracted from a wind turbine hub made of DCI.  Moreover, under 

tension-compression cyclic loading, the fatigue crack nucleation 

process in ferritic-pearlitic DCI specimens was considerably 

accelerated by the presence of micro-shrinkage pores near the 

specimen sub-surface, according to the experimental evidences 

reported in Ref. [30].  Similar results have been obtained also by 

Borsato et al.31,32 regarding the fatigue behaviour of heavy section 

pearlitic DCI components.  Furthermore, they argued that a combined 

effect between micro-shrinkage pores and non-nodular graphite 

particles could exist if they were both present in the DCI.  

From the above discussion, it is clear that the effect of 

solidification defects on fatigue properties of DCI components has 

been thoroughly investigated.  However, it is worth noting that this 

research topic is still open, since a unique approach regarding the 

influence of both non-nodular graphite particles and micro-shrinkage 

porosity on fatigue behaviour has not yet been achieved33,34. 

 

3. A PROCEDURE FOR FATIGUE STRENGTH ASSESSMENT OF METALS CONTAINING 

SOLIDIFICATION DEFECTS 

The procedure, originally proposed for the fatigue strength 

assessment of metals containing inclusions11 and here employed to 

take into account the presence of micro-shrinkage porosity, 

implements: (i) a statistical method deriving from EVT35,36, (ii) the 

area -parameter model6,7, and (iii) the multiaxial critical plane-

based criterion by Carpinteri at al.12-17.  The flowchart of the 

procedure is reported in Ref. [11]. 

The algorithm requires some input data related to: the applied 

loading conditions (ranges of both normal,  , and shear,  , 
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stresses applied to the specimen, the phase angle,  , between the 

normal stress and the shear stress, and the loading ratio, R); the 

mechanical properties of the material (the ultimate tensile 

strength, u , and the Vickers hardness, HV ); the values of the 

volumes 0 0,n ,sV , V , V  and maxV , being, respectively, the standard 

inspection volumes related to normal and shear uniaxial cyclic 

loading, the volume of the useful cross-section (prediction volume) 

and its maximum value. 

A statistical method deriving from EVT35,36 is used to obtain the 

distribution of defects and the return period related to both normal 

( nT ) and shear ( sT ) uniaxial cyclic loading.   More precisely, to 

such an aim the fracture surface of specimens, under both normal and 

shear uniaxial cyclic loading, are examined and the values of 

n max
area  and s max

area  (representing the square root of the expected 

maximum size of the defect for each of the above loading conditions) 

are determined.  

Once the n max
area  and s max

area  are computed, the fatigue limits 

under normal loading, w , and shear loading, w , of the material are 

calculated by means of the area -parameter model6,7. 

Under normal cyclic loading, Murakami35,36 suggested that the value 

of w  could be calculated as a function of both the material Vickers 

hardness, HV , and the n max
area , by means of the following equation: 

( )

( )
1 6

1 41 120
w

n max

. HV

area


+

=  (1) 

It is worth noticing6 that the above equation is related to a defect 

just below the cross-section surface and corresponding to a number 

of loading cycles equal to 
71 10 . 

By following the Murakami proposal, Yanase et al.7 formulated a 

similar relationship for the computation of the fatigue limit under 

shear loading, w , that is: 
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( )

( )
1 6

1 19 120
w

s max

. HV

area


+

=  (2) 

Once the fatigue limits are computed, the fatigue strength 

assessment of the material is performed for each simulated test, 

according to the Carpinteri et al. criterion12-17. 

More precisely, firstly the orientation of the critical plane 

(that is, the verification plane where the fatigue strength is 

performed) is determined.  Such an orientation, which is assumed to 

be dependent on the averaged directions ( ˆ ˆ ˆ1,2,3) of the principal 

stress axes, is hence defined by means of an off-angle   formed by 

w -direction (i.e. the direction normal to the critical plane) and 1̂ 

(i.e. the averaged direction of the maximum principal stress, assumed 

corresponding to the normal to the fracture plane) in the plane ˆ ˆ13: 

2

3
1

8

w

w






  
 = − 
   

 (3) 

Note that in the Carpinteri et al. criterion12-16, the fatigue 

limits w  (Eq.(1)) and w  (Eq.(2)), here employed in Eq. (3), are 

replaced by the experimental fatigue strengths (at a given number 

of loading cycles) for fully reversed normal stress, 1,−af , and for 

fully reversed shear stress, 
, 1af −
, respectively. 

Then, the fatigue endurance condition is posed by equating the 

amplitude of an equivalent uniaxial stress, 
,eq a , to the normal 

fatigue strength, w , that is: 

2
2 2w

eq,a eq,a a w
w

N C


 


 
= + = 

 
 (4) 

with: 

,
m

eq a a w
u

N
N N 



 
= +  

 

 (5) 

In particular, aN  and mN  are, respectively, the amplitude and the 

mean value of the normal component, N , of the stress vector, wS , 
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on the critical plane, whereas aC  is the amplitude of the shear 

component, C, of wS . 

Finally, the error index, I , is computed for each simulated test: 

,
100

eq a w

w

I
 



−
=   (6) 

The described procedure is repeated, and consequently the 

algorithm executed, by varying the value of V  up to the value maxV , 

in order to determine the optimised return period n optT T= , as detailed 

in Section 5.1.3. 

 

4. THE EXPERIMENTAL CAMPAIGN EXAMINED 

The experimental campaign, hereafter simulated through the procedure 

presented in Section 3, can be found in the literature9,10.  In 

particular, the material was a DCI characterised by uniformed 

distributed spheroidal graphite particles (produced with the 

addition of minor elements such as magnesium, calcium, cerium) and 

a fully pearlitic matrix.  According to the European designation, 

it is named DCI EN-GJS-700-2: its ultimate tensile strength is equal 

to 689 MPa 37 and its Vickers hardness is equal to 298 2
fkg mm 38.  

The chemical composition of such a DCI consisted in: 2.90-3.70 C, 

1.50-2.20 Si, 0.10-0.70 Mn, 0.10-0.60 Cr, 1.90-2.90 Ni and 0.30-0.90 

Mo (by weight %). 

The experimental campaign referred to infinite fatigue life 

tests, that is the number of loading cycles to failure was mostly 

greater than 
51 10  cycles.  In particular, small cylindrical 

specimens, cut from DCI large section, were subjected to both 

uniaxial (tension or torsion) and biaxial (combined compression and 

torsion) cyclic loading with a constant amplitude.  Tensile fatigue 

tests were performed under load control on specimens with a gauge 

section diameter of 7 mm, by means of a Rumul machine; torsional and 

biaxial fatigue tests were conducted under load control on specimens 

characterised by a gauge section diameter of 16 mm and a multiaxial 

servohydraulic test system was used.  Both uniaxial and biaxial 
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fatigue loadings were applied according to the staircase method, as 

reported in detail in Ref. [9].  

The uniaxial fatigue tests were characterised by a loading ratio, 

R , equal to -1.  As far as biaxial tests are concerned, the axial 

loading was always in compression with a mean value different from 

zero, whereas the torsional loading was fully reversed and a phase 

shift,  , between axial and torsional loading of 90° was considered.  

The uniaxial and biaxial fatigue data are listed in Tables 1 and 

2, respectively, where the symbols a  and a  represent the amplitude 

of the applied normal and shear stresses.  The experimental number 

of loading cycles to failure, expN , is also reported in the above 

Tables.  Note that, the run-out condition was assumed when a specimen 

survived more than 
71 10  cycles, whereas the failed condition was 

usually defined when the crack was visually observed during the test. 

From the uniaxial fatigue data, the fully reversed normal and 

shear fatigue limits were computed by using the up- and -down method 

proposed in Ref. [39], and more precisely: 
, 1 197 MPaaf − =  and 

, 1 178 MPaaf − = . 

After fatigue testing, all specimens were cut in order to observe 

the fracture surfaces for each loading condition being examined, and 

more precisely: 

- under tensile cyclic loading, the fracture surfaces were flat and 

perpendicular to the specimen longitudinal axis (that is, 

perpendicular to the maximum principal stress direction); 

- under torsional cyclic loading, the fracture surfaces were at 45° 

with respect to the specimen longitudinal axis; 

- under biaxial cyclic loading, the fracture surfaces were both flat 

and 45°. 

Table 1. Uniaxial fatigue data related to the experimental 

campaign examined [9,10]. 

TEST No. a  

[MPa] 

m  

[MPa] 

a  

[MPa] 

m  

[MPa] 
n j

area

[µm] 

expN  

[cycles] 

 

1 260 0   866 2.46·106 Failed 

2 240 0   265 1.00·107 Run-out 
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3     1000 1.39·106 Failed 

4 220 0   418 7.29·105 Failed 

5 200 0   1077 8.09·106 Failed 

6     980 2.03·105 Failed 

7 180 0   1158 4.18·106 Failed 

8     366 1.00·107 Run-out 

9 160 0   1183 2.72·106 Failed 

10     2552 1.00·107 Run-out 

11 140 0   1162 1.00·107 Run-out 

12   190 0 NA 9.76·105 Failed 

13     NA 8.80·105 Failed 

14     NA 7.77·105 Failed 

15     NA 1.66·106 Failed 

16   165 0 NA 1.00·107 Run-out 

17     NA 1.00·107 Run-out 

18     NA 1.00·107 Run-out 

 

Table 2. Biaxial fatigue data related to the experimental campaign 

examined [9,10]. 

TEST No. a  

[MPa] 

m  

[MPa] 

a  

[MPa] 

m  

[MPa] 

  

[°] 
expN  

[cycles] 

 

19 300 -300 150 0 90 1.34·106 Failed 

20 250 -250 125 0 90 1.00·107 Failed 

21      9.11·105 Failed 

22      3.91·106 Failed 

23      2.71·106 Failed 

24 225 -225 150 0 90 9.93·105 Failed 

25      1.12·106 Failed 

26      1.40·106 Failed 

27 200 -200 100 0 90 1.00·107 Run-out 

28      9.32·106 Failed 

29      1.00·107 Run-out 

30      1.00·107 Run-out 

31 187.5 -187.5 125 0 90 1.00·107 Run-out 

32      5.94·106 Failed 

33      2.58·106 Failed 

34      1.00·107 Run-out 

35 150 -150 100 0 90 1.00·107 Run-out 

36 150 -150 75 0 90 1.00·107 Run-out 

Subsequently, the surfaces of all the broken specimens were 

examined by using Scanning Electron Microscope (SEM), noting that 

fatigue cracks usually nucleated in correspondence of the largest 

solidification defect, i.e. the largest micro-shrinkage pore.  Such 

cracks, after propagation, led to the fatigue failure of the 

specimens. 
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Only for the tensile fatigue tests, the Authors measured the 

largest micro-shrinkage pores of each specimen.  More precisely, for 

each specimen, after manual drawing the edges of such pores on the 

SEM image, a commercial software was used to measure the square root 

of such defect areas.  Then, for each specimen the maximum value is 

computed as reported in the original work by Cengiz9, and here listed 

as n j
area  in Table 1. 

 

5. PROCEDURE APPLICATION 

The procedure presented in Section 3 is hereafter employed to 

simulate the experimental data presented in Section 4. 

 

5.1 Defect content analysis by means of a statistical method deriving 

from EVT 

The defect content analysis is performed, according to a statistical 

method deriving from EVT11,35,36,40, by employing the experiment data 

n j
area  listed in Table 1.  More precisely, the analysis is performed 

on data related to normal uniaxial cyclic loading, and the result 

is extended to the case of shear uniaxial cyclic loading, that is: 

s nmax max
area area=  (i.e. n sT T= ). 

Firstly, the distribution of defects is determined; then, the 

return period, nT , is computed; finally, the value of the n max
area , 

that is the square root of the expected maximum size of the defect 

related to normal loading, is calculated.  Moreover, also an 

optimised nT  value is computed by exploiting a relationship, here 

proposed to optimise the accuracy of the procedure in terms of 

fatigue strength estimation. 

 

5.1.1 Distribution of defects 

Let us consider the experimental data n j
area  (Table 1). 
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Firstly, such values are classified in ascending order, and 

then indexed with 1j ,...,k= , being k  the number of the examined tensile 

fatigue data (i.e. 11k = ): 

1 2 11n n narea area area     (7) 

Then, the reduced variable, jy , is calculated as follows: 

ln ln
11 1

j
j

y
  

= − −   +  
 (8) 

The probability graph of the defect distribution is plotted in Figure 

2, where the jy  values are reported on the ordinate axis, whereas 

the n j
area  values are reported on the abscissa axis.  

 

 

Figure 2. Probability graph of the defect distribution according 

to the extreme value theory. 

 

From Figure 2 it can be observed that the reduced variable y  

against the narea  has a linear trend, that is, such points follow 

a Gumbel distribution.  The linear regression of the above defect 

distribution is given by:  

1 1.0095

0.0015 0.0015
n nmax

area y= +  (9) 

with: 

1
ln n

n
n

T
y ln

T

  −
= − −  

   

 (10) 

being nT  the return period related to normal uniaxial cyclic loading. 
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5.1.2 The return period 

From Eq.(9), it can be noted that the n max
area  value is a function 

of the return period, nT .  However, in order to define the nT  value, 

some remarks are needed.  In particular, the solidification defects 

(i.e. the micro-shrinkage pores) are distributed in a three-

dimensional region and, consequently, the maxarea  value depends on 

the volume considered in the defect content analysis.  As a matter 

of fact, the greater the volume considered, the greater the 

probability of finding larger defects within such a volume.  

Therefore, the return period, nT , is defined as the ratio of two 

volumes, and more precisely: 

0,
n

n

V
T

V
=  (11) 

being V  the prediction volume and 0,nV  the standard inspection volume 

related to normal uniaxial cyclic loading. 

Note that, V  is usually set equal to the volume of the specimen 

gauge region, whereas 0,nV  is computed by assuming a given thickness, 

nh , associated to the inspection area 0S 6,11,35,36,40, that is: 

0, 0n nV S h=  (12) 

with: 

11

11

nj j
n

area
h =


 (13) 

Once nT  is computed, the n max
area  value is calculated through Eqs 

(9) and (10).  

In the present study, the value of the standard inspection 

volume, 0,nV , turns to be equal to 339.10mm , being 2
0 39mmS =  10 and 

1.00 mmnh = . 

Regarding the useful cross-section volume, V , different values 

are here considered in order to optimise the accuracy of the 

procedure in terms of fatigue strength estimation. 
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5.1.3 The optimised return period 

The first value of nT  considered (indicated as *
nT  in Table 3) is 

that derived from the n max
area  value reported by the Authors of Refs 

[9,10], that is 1161 97n max
area . m= .  From such a value, ny =0.73 and 

*
nT = 2.62 are computed by means of Eqs (9) and (10), respectively. 

Then, three other values of V  (that is, three other values of 

nT ) are assumed by considering different values of the gauge length, 

0L .  However, due to the fact that the value of 0L  for tensile 

fatigue specimens is not available in Refs [9,10], it is hereafter 

defined as a multiple of the gauge section diameter, d , according 

to the most relevant standards.  In particular, by assuming 0 , 2 ,3L d d d=

, the corresponding gauge region volumes and return periods turn to 

be equal to: 3
1 0( ) 134.70mmV L d= =  and ,1 3.45nT = , 3

2 0( 2 ) 538.78mmV L d= =  and 

,2 13.78nT = , 3
3 0( 3 ) 808.17mmV L d= =  and ,3 20.67nT =  (see Table 3). 

Moreover, the return period corresponding to the experimental 

fatigue limit , 1 197MPaaf − =  is derived, and listed in Table 3. 

For each of the above values of nT , the fatigue limits w  and 

w  are computed through Eqs (1) and (2) and listed in Table 3, by 

assuming s nmax max
area area=  for each value of V  examined, that is 

n sT T= . 

The block of the Carpinteri et al. criterion in the algorithm 

is executed and the corresponding mean value of the error index, I  

(computed by considering all the simulated experimental tests), is 

determined for each of the above nT  values.  The maximum value of V  

adopted is 3808.17mmmaxV = . 

 

Table 3. Return period, useful cross-section volume, fatigue 

limits and error index mean value corresponding to the simulations 

performed. 
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nT  V  w  w  I  

Symbol Value [mm3] [MPa] [MPa] [%] 

*
nT  2.62 102.51 185.64 153.41 -4.27 

,1nT  3.45 134.70 180.25 148.96 -1.40 

,2nT  13.78 538.78 164.54 135.97 8.02 

,3nT  20.67 808.17 161.72 133.50 10.02 

Exp. camp. 1.80 70.44 197.00 178.00 -12.05 

optT  5.37 209.79 173.80 143.63 0.00 

 

Now, the mean value of the error index, I , is plotted against 

the return period nT , as shown in Figure 3.  By interpolating the 

above points with a logarithmic curve, the following relationship 

is obtained (R-squared = 0.944757): 

( )( ) 8.225ln 13.818n nI T T= −  (14) 

 

 

Figure 3. Error index mean value vs. return period. 

 

From Eq.(14), it is possible to derive the value of nT  for which 

0I = , i.e. 5.37optT = .  Consequently, by exploiting Eqs (9) and (10), 

the value of 1725.51μmn max
area =  is computed, and the fatigue limits 
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w  and w  are calculated (see Table 3).  The block named Carpinteri 

et al. criterion in the algorithm is executed for the last time. 

 

6. RESULTS AND DISCUSSION 

In the present Section, the results in terms of both fatigue strength 

and fatigue fracture plane determined by applying the present 

procedure (Section 3) are shown and compared to the experimental 

ones described in Section 4.  In particular, the uniaxial and biaxial 

fatigue data related to DCI EN-GJS-700-29,10 are here analysed by 

considering the fatigue limits corresponding to 5.37optT = , that is 

173.80MPaw =  and 143.63MPaw = .   

 

6.1 Fatigue strength assessment 

The results in terms of stress components on the critical plane (i.e. 

eq,aN  and aC ) are listed in Table 4 for tensile loading (tests No. 

1–11), torsional loading (tests No. 12-18) and biaxial loading (tests 

No. 19-36).  Note that, for tests performed at the same stress level 

(for instance, tests No. 2 and 3), the present procedure is able to 

provide only one pair of values eq,aN - aC . 

The above results in terms of stress components are plotted in 

Figures 4(a), 5(a) and 6(a) for all data being examined (that is, 

each point corresponds to a given experimental test).  In the above 

eq,aN - aC  plot, the fatigue endurance condition, given by Eq. (4), 

defines an ellipse with the semi-axes equal to w  along the abscissa 

and to w  along the ordinate.  The dashed lines in the above Figures 

correspond to an error band equal to 20% . 

Note that, if the eq,aN - aC  point lies inside the above ellipse, a 

run-out condition is predicted by the present criterion; whereas, 

fatigue failure is estimated if the eq,aN - aC  point is outside the 

elliptical domain.  Moreover, if both run-out and failure conditions 

were experimentally observed (see tests No. 2-3, 7-8 and 9-10 in 

Table 1, and tests No. 27-30 and 31-34 in Table 2), only one of the 
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above condition can be provided by the applied procedure.  In 

particular, in order to obtain conservative results, the fatigue 

failure condition should be estimated. 

 

Table 4. Results in terms of stress components on the critical 

plane.  

TEST No. ,eq aN   [MPa] aC   [MPa] 

1 225.39 88.33 

2-3 208.05 81.53 

4 190.71 74.74 

5-6 173.37 67.94 

7-8 156.04 61.15 

9-10 138.70 54.35 

11 121.36 47.56 

12-15 139.42 129.10 

16-18 121.08 112.11 

19 42.68 150.03 

20-23 35.57 125.02 

24-26 54.30 145.42 

27-30 28.45 100.02 

31-34 45.25 121.19 

35 36.20 96.95 

36 21.34 75.01 

 

As far as uniaxial fatigue data are concerned, the following 

remarks can be made: 

- for tensile fatigue loading (Figure 4(a)), the experimental failure 

(tests No. 1, 4, 5-6) and run-out (test No. 11) conditions are 

perfectly predicted by means of the present procedure. For 

experimental tests, which showed both failures and run-outs, the 

procedure provides conservative estimations for tests No. 2-3 and 

7-8 (being the eq,aN - aC  points outside or on the ellipse) and not for 

tests No. 9-10; 

- for torsional fatigue loading (Figure 5(a)), the procedure 

estimates fatigue failure for tests No. 12-15 in agreement with the 

experimental outcomes, whereas a condition of incipient failure is 

obtained for tests No. 16-18 (that is, the corresponding eq,aN - aC  
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point lies very close to the failure curve), even if run-outs were 

observed. 

 

  

Figure 4. Shear stress amplitude vs equivalent normal stress 

amplitude for tensile fatigue tests, according to the: (a) 

present procedure and (b) Carpinteri et al. criterion. 

 

  

Figure 5. Shear stress amplitude vs equivalent normal stress 

amplitude for torsional fatigue tests, according to the: (a) 

present procedure and (b) Carpinteri et al. criterion. 

 

From Figure 6(a) related to biaxial fatigue loading, it can be 
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- the present procedure allows to correctly estimate the failure of 

the specimens for tests No. 19 and 24-26 and the run-out condition 

for tests No. 35 and 36; 

- for experimental tests characterised by both failures and run-out 

(that is, tests No. 27-30 and 31-34), the procedure provides non-

conservative results since the eq,aN - aC  points are located inside the 

elliptical domain; 

- for tests No. 20-23, the experimental failure condition is not 

captured by means of the present procedure.  

 

  

Figure 6. Shear stress amplitude vs equivalent normal stress 

amplitude for biaxial fatigue tests: according to the: (a) 

present procedure and (b) Carpinteri et al. criterion. 

 

Note that, even if the procedure provides non-conservative results 

for tests No. 9-10, 27-30 and 31-34, the obtained results fall into 

or close to the scatter band equal to 20%− , proving the accuracy of 

the present estimations.  

In order to assess the effectiveness of the present procedure, 

the above theoretical results are also compared with those derived 

through the Carpinteri et al. criterion.  In particular, such results 

in terms of eq,aN - aC  are reported in Figures 4(b), 5(b) and 6(b).  
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of the Carpinteri et al. criterion is not able to correctly predict 

the experimental failures for tests No. 5-6, 12-15, 19 and 24-26, 

unlike the present procedure.  Moreover, the Carpinteri et al. 

criterion provides in general much more non-conservative results 

with respect to those obtained by applying such a procedure. 

Let us consider only the tests in Table 3 that show failure 

conditions.  For such tests, the equivalent stress amplitude computed 

according to both the present procedure and the Carpinteri et al. 

criterion is plotted in Figure 7.  The horizontal thick lines 

represent the fatigue limit 173 80 MPaw . =  (line in red) and the 

fatigue limit under fully reversed normal stress 1 197MPaaf , − =  (line 

in blue).  It can be observed that when the present procedure is 

applied to the above experimental data, 86% of the fatigue strength 

estimations are conservative, whereas only the 29% of the estimations 

are conservative when the Carpinteri et al. criterion is applied. 

 

 

Figure 7. Equivalent stress amplitude against the test No., 

computed according to both the present procedure and the 

Carpinteri et al. criterion. 

 

It can be pointed out that for materials containing defects (such 

as the present DCI), most accurate results are obtained when the 

influence of such defects on fatigue strength is taken into account 

in the fatigue strength assessment. 
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The results in terms of fracture plane orientation (i.e. cal ) are 

listed in Table 5 for tensile loading (tests No. 1–11), torsional 

loading (tests No. 12-18) and biaxial loading (test No. 19-36).  

Moreover, also the experimental values of fracture plane 

orientation, exp 9,10, (see Section 4) are reported in Table 5. 

 

Table 5. Results in terms of both experimental, exp 9,10, and 

theoretical fracture plane orientation, cal .  

TEST No. exp   [°] cal   [°] 

1 90.0 90.0 

2-3 90.0 90.0 

4 90.0 90.0 

5-6 90.0 90.0 

7-8 90.0 90.0 

9-10 90.0 90.0 

11 90.0 90.0 

12-15 45.0 45.0 

16-18 45.0 45.0 

19 90.0 – 45.0 29.9 

20-23 90.0 – 45.0 29.9 

24-26 90.0 – 45.0 32.3 

27-30 90.0 – 45.0 29.9 

31-34 90.0 – 45.0 32.3 

35 90.0 – 45.0 32.3 

36 90.0 – 45.0 29.9 

 

Note that, tests performed at the same stress level are 

represented, according to the present procedure, by only one value 

of cal .  In particular, the orientation of the fracture plane is 

derived from the direction cosine of the averaged direction 1̂ (that 

is, the normal to fatigue fracture plane) with respect to the 

longitudinal axis of the specimen.   

From Table 5, it can be observed that: 

(a) for tensile fatigue loading, the procedure estimates, for all 

the examined tests, a fracture plane orientation, cal , equal to 90 
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(that is, perpendicular to the specimen axis), totally in agreement 

with the experimental outcomes; 

(b) for torsional fatigue loading, the procedure provides, for all 

the examined tests, a fracture plane with a cal  orientation of 45 

with respect to the specimen axis, totally in agreement with the 

experimental outcomes; 

(c) for biaxial fatigue loading, the orientation of the fracture 

plane, cal , turns out to be equal to about 30 for tests No. 19, 20-

23, 27-30, 36 and to about 32 for tests No. 24-26, 31-34, 35.  Note 

that, in such a case, only one of the two experimental fracture plane 

orientations can be predicted by means of the present procedure.  In 

particular, the exp  orientation inclined with respect to the specimen 

axis is capture by means of the present procedure. 

 

7. CONCLUSIONS 

In the present paper, the fatigue behaviour of a DCI containing 

solidification defects in terms of micro-shrinkage porosity has been 

analysed by using a fatigue strength assessment procedure, 

implementing: (i) a statistical method deriving from EVT, (ii) the 

area -parameter model, and (iii) the multiaxial critical plane-based 

criterion by Carpinteri at al. 

The defect content analysis on the experimental data related to 

specimens under cyclic tensile loading has been performed, taking 

into account all the tested specimens, in contrast to the common 

practical use to consider only a single specimen.  Moreover, the 

return period, n optT T= , has been computed by a suitable relationship, 

in order to equate to zero the average value of the error index. 

By using such a return period, named optimised return period, the 

fatigue limits under normal and shear loadings have been computed. 

The fatigue strength assessment of the DCI examined has been 

performed, showing a quite accurate estimation of experimental both 

failure and run-out.  More precisely, according to the present 

procedure, the fatigue strength estimation is more conservative with 
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respect to that predicted by the Carpinteri et al. criterion, in 

favour of safety. 

Moreover, by means of the present procedure it is possible to 

achieve a quite good prediction of the fracture plane orientation 

for the examined experimental tests, especially for uniaxial fatigue 

loading.  It is important to point out that, unlike many fatigue 

criteria available in the literature, such a procedure allows also 

to estimate the orientation of the crack initiation path, which is 

assumed coincident with the critical plane orientation.  

In conclusion, the present procedure, where an optimised 

computation of the return period has been implemented, has shown to 

be able to correctly estimate not only the fatigue strength but also 

the fracture plane orientation of naturally defective materials.  

Therefore, such a procedure can be considered as a powerful 

engineering tool in fatigue design of real components.  Finally, the 

great potential of this procedure is that the defect content analysis 

(performed by means of a statistical method deriving from EVT) can 

be easily performed by using machine learning techniques. 
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NOMENCLATURE 

ˆ ˆ ˆ1,2,3 
averaged directions of the principal stress axes 

n max
area  square root of the expected maximum size of the defect 

under normal cyclic loading 

s max
area  square root of the expected maximum size of the defect 

under shear cyclic loading 

aC  amplitude of the shear stress component on the critical 

plane 

d  gauge section diameter 

nh  thickness associated to the inspection area under normal 

cyclic loading 

HV  Vickers hardness 

I  error index 

0L  gauge length  

aN  amplitude of the normal stress component perpendicular 

to the critical plane 

eq ,aN  equivalent normal stress amplitude 

expN  experimental number of loading cycles to failure 

mN  mean value of the normal stress component perpendicular 

to the critical plane 

R loading ratio 

0S  inspection area  

wS  stress vector on the critical plane 

nT  return period related to normal cyclic loading 

sT  return period related to shear cyclic loading 

optT  optimised return period  

V  useful cross-section volume (prediction volume) 

0 ,nV  standard inspection volume related to normal cyclic 

loading 

0,sV  standard inspection volume related to shear cyclic 

loading 
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maxV  maximum value of the useful cross-section volume 

w  normal vector to the critical plane 

  phase shift between normal stress and shear stress 

  off-angle defining the normal to the critical plane 

cal  theoretical orientation of the fracture plane 

exp  experimental orientation of the fracture plane 

  applied normal stress  

1af , −  
experimental material fatigue strength under fully 

reversed normal stress 

eq,a
 

equivalent stress amplitude 

u
 

material ultimate tensile strength 

w  fatigue limit under normal loading 

  applied shear stress  

1af , −  
experimental material fatigue strength under fully 

reversed shear stress 

w  fatigue limit under torsion 

 

Subscripts  

a  amplitude 

m  mean value 
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HIGHLIGHTS 

 

1) A procedure for fatigue assessment of metals with solidification 

defects is employed 

2) The fatigue behaviour of a DCI with a relevant micro-shrinkage 

porosity is analysed 

3) A defect content analysis is performed by means of a statistical 

method deriving from EVT 

4) The return period is computed by a relationship that optimises 

the procedure accuracy 


