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 A B S T R A C T 
The objective of this research was verifying the applicability of FADs diagrams, based on the stress equivalence models 

proposed by Goodman, Gerber and Soderberg, beyond their original frontiers (failures between 1×104 – 1×107 cycles); in other 
words, to evaluate the extension to very high cycle fatigue (VHCF) (failures after 1×107 cycles). A high strength structural steel 
and an aluminum alloy were used to perform cyclic tests and compare failure diagrams in long fatigue regime. The materials 
were tested with fully and partially reversible loads to determine their fatigue life under both conditions. FADs were plotted for 
both materials, comparing their finite and infinite life predictions in very high cycle fatigue. It was found that Goodman`s FAD 
provided the best experimental data fit for finite and infinite fatigue life predictions for both materials. However, the materials` 
microstructural characteristics showed a significant influence on the failure assessment in Gerber`s FAD as well as in Soderberg`s 
FAD. While Gerber`s FAD was well fitted for the experimental fatigue life data in terms of the aluminum alloy, Soderberg`s FAD 
was more suitable for the high strength structural steel.

Keywords: Mean stresses; Equivalent stress models; Very high cycle fatigue

Introduction
Fatigue damage refers to gradual degradation in structures 

and components under to cyclic loads during service operations1. 
In response, studies and research on fatigue failures are 
fundamental subjects to the industry, aiming to improve the 
safety and reliability of said structures and components during 
their design lives and moving away the undesirable fatigue 
failures while in service2-7.

When considering non-random situations, the cyclic loads 

can be classified as fully or partially reversible. In fully reversible 
loads, the load ratio is -1 with a mean stress of zero, while in 
partially reversible loads, both parameters assume values other 
than -1 and zero8,9. The applied stress levels and the number of 
cycles to failure will determine the fatigue regime under which 
the material is tested10,11. Test stresses above the material’s yield 
strength and a fatigue life less than 1E5 cycles characterize a 
low cycle fatigue regime. On the other hand, test stresses below 
the material’s yield strength with a fatigue life between 1×105 – 
1×107 cycles characterize a high cycle fatigue regime.

https://doi.org/10.30967/IJCRSET/Pereira-MV/195
https://doi.org/10.30967/IJCRSET/Eleftheria-Stamati/185
https://doi.org/10.30967/IJCRSET/Pereira-MV/195
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Until some years ago, due to the low frequency of past 
test equipment, which would considerably increase the testing 
time considerably, the concept of infinite fatigue life was well 
established and associated with a fatigue limit of 1×107 cycles, 
especially concerning ferrous materials. However, technological 
developments have resulted in new fatigue life approaches of 
mechanical and structural components that go beyond 1×107 
cycles. Thus, the evaluation of the behavior of materials 
subjected to long or super-long fatigue life (1×108 – 1×1012 
cycles) has become essencial for projects in different areas of 
engineering and medicine, creating the concept of very high 
cycle fatigue (VHCF) 12-15, in accordance with pioneering fatigue 
tests in ultrasonic equipment performed by Manson in 195016. 
(Figure 1) shows the schematic design of an S-N curve for a 
material with a fatigue life beyond 1×107 cycles.

Figure 1: Schematic of an S-N curve with continuous failure 
beyond 1×107 cycles10.

With ultrasonic testing, it has become feasible to study the 
performance of materials under extremely long fatigue regimes 
in reduced timeframes. For example, achieving 1×109 loading 
cycles in conventional fatigue equipment, which operates at 
a frequency of 100 Hz, would take about four months, while 
ultrasonic equipment operating at 20 kHz achieves the same 
number of cycles in just 14 hours17. Ultrasonic testing systems 
have different configurations from one laboratory to another, but 
preserve fundamental components, as illustrated in (Figure 2)12. 
In this figure, one can observe: (1) a power generator, responsible 
for converting the voltage signal from the electrical network, 
normally between 50 and 60 Hz, into a 20 Hz sinusoidal electrical 
signal; (2) a piezoelectric converter, excited by a sinusoidal 
electrical signal, which transforms the electrical pulse into 
longitudinal mechanical vibrations with the same frequency; (3) 
an ultrasonic horn, responsible for amplifying these vibrations 
until the maximum stress in the central cross section of the 
sample is reached; (4) a data acquisition system, which monitors 
and records the experimental parameters throughout the test. 

Figure 2: Schematic drawing of an ultrasonic machine12.

According to the literature, several studies indicate that the 
fatigue life of metallic materials continues to decrease even 
after 1×107 loading cycles18-29. Bathias12 observed the absence 
of an infinite life in ferrous materials such as AISI 4240 steel 
when reporting failures around 5.75×108 cycles. Nishijima, et 
al.18 concluded that changes in fracture initiation sites occur 
over long lifetimes: as the number of cycles increases, the 
origin of the crack migrates from the surface to the interior of 
the material. The same behavior was also identified by Wang, 
et al,19,20 when associating modification in the nucleation site 
with the presence of internal inclusions. In VHCF regimes, it 
is common for cracks to initiate in internal sites or just below 
the surface, usually in microstructural heterogeneities such as 
non-metallic inclusions21. This type of nucleation gives rise to 
a characteristic circular pattern on the fracture surface, known 
as fish-eye, with a refined morphology area in the center and 
near the inclusion. The terminology attributed to the fish-
eye internal region can vary authors, reflecting different 
interpretations of its origin. Murakami, et al.22,23 named it as 
optically dark area (ODA), highlighting the role of internal 
defects and hydrogen trapping in the formation of this zone, 
associated with subsurface nucleation. Sakai, et al.24,25 use the 
term fine granular area (FGA), based on the presence of fine sub 
grains with distinct crystallographic orientations, formed during 
fatigue cycles. Making use of diffraction techniques to analyze 
fracture surfaces inside and outside the FGA, Sakai proposed 
that the formation mechanism is related to polygonization and 
micro displacements. Shiozawa, et al.26,27 refer to this region as 
granular bright facet (GBF), having observed that internal cracks 
originate preferably in non-metallic inclusions, accompanied 
by fracture surfaces with granular brightness. Furuya, et al,28 
when conducting tests at frequencies up to 20 kHz, also found 
the occurrence of fatigue failures even after 1×109 cycles and 
demonstrated that the inclusion size impact significantly the 
fatigue resistance of the material. These results consistently 
reinforce that fatigue life does not stabilize with an increase in 
the number of cycles. On the contrary, it continues to decrease, 
being strongly influenced by internal microstructural factors.

Regarding fatigue life prediction of materials, for operational 
reasons, tests are usually performed under uniaxial loading, 
generally with a load ratio equal to -129. An example of loading 
history with regards to the maximum (σmax) and minimum 
(σmin) stresses is presented in (Figure 3). Based on σmax and 
σmin, one can calculate the stress variation (Δσ), mean stress 
(σm), alternating stress(σa) and loading ratio (R) according to 
Equations 1-4, respectively. 

Figure 3: Loading history9.
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However, the methodologies developed for fully reversible 
loading do not accurately predict the fatigue life of components 
subjected to mean stresses30. It is well known that mean tensile 
stresses tend to reduce the materials fatigue life, as it keeps the 
crack flanks open, facilitating their propagation. In contrast, 
mean compressive stresses promote crack closure, hindering 
the advancement of the crack30. At the end of the 19th century, 
the first studies on the effects of mean stresses appeared, mainly 
focusing on the evaluation of the durability of bridges31,32. 
As a result, Goodman33, Gerber34 and Soderberg35 proposed 
independent methods to predict similar fatigue damages caused 
by combined (see Figure 2 and Equation 3) mean and alternating 
stresses, considering fully reversible load tests. The theories 
are based on several possible correlations between the limit 
stresses to reach fatigue life in the range of 1×104 – 1×107 cycles, 
obtained by means of Wöhler curve or SN curve36 and mean 
stresses, represented by mechanical properties of the material. 
In Goodman’s proposal, the relationship between alternating 
and mean stresses is described by a straight line, with the mean 
stresses limited by the material’s strength. In Gerber’s approach, 
this relationship describes a parabola, with the same mean stress 
limit as Goodman. In turn, Soderberg’s criterion admits a linear 
relationship between stresses, like Goodman, with the mean 
stress limit equivalent to the material’s yield strength.

Haigh’s diagram37,38 addresses the Goodman, Soderberg 
and Gerber models in the context of failure analysis diagrams 
(FADs). FADs are considered fundamental approaches in 
engineering to assess the risk of failure of mechanical and 
structural components, by showing graphically distinguished 
regions of safety (not failure) and unsafety (failure). In Haigh’s 
diagram, the straight lines of Goodman and Soderberg, as well 
as Gerber’s parabola, constructed based on the material fatigue 
resistance, separate finite and infinite fatigue life, that mean 
failure and safe regions, respectively. The graph is constructed 
on a plane where the axes represent the relationship between 
alternating and mean stress. Each point on this plane corresponds 
to a possible combination of these stresses in mechanical 
components and structures. Points below the curves indicate safe 
load conditions and a theorical infinite fatigue life. On the other 
hand, points above the curves represent critical load conditions, 
indicating that the component may fail after a certain number of 
cycles. The Haigh diagram depicted in (Figure 4) was plotted 
based on Goodman Soderberg and Gerber curve equations39-41, 
which correlate reversible and non-reversible test parameters, 
presented as Equations 5, 6 and 7, respectively.

where σa and σm were previously defined, while σf, σuts and 

σyield represent limit stress to a given fatigue life in fully reversible 
loading, materials` ultimate tensile strength and materials` yield 
strength, respectively.

Figure 4: Haigh’s theoretical diagram and equivalence curves37.

Several studies have explored and improved the application 
of Haigh diagrams in fatigue analysis under different conditions. 
Bellows, et al.42 validated the step test method for constructing 
Haigh diagrams in Ti-6Al-4V alloy, demonstrating the method 
efficiency for representing the material fatigue behavior under 
different mean stresses. Pallarés-Santasmartas, et al,43 adopting 
the Haigh diagram, demonstrated the effect of mean stresses 
on the fatigue performance of quenched and tempered DIN 
34CrNiMo6 steel, highlighting the significant influence of mean 
stress on the material fatigue resistance. Ponnapureddy, et al.44 
investigated the effects of creep on the high-cycle fatigue life in 
617M nickel alloy, concluding that the interaction between creep 
and fatigue damages should be integrated into a unique Haigh 
diagram, to ensure greater reliability in the design of components 
subjected to cyclic loads and high temperatures simultaneously.

Experimental Procedure
Materials

Two metallic materials with different microstructures 
and mechanical properties were selected for this research: 
DIN 34CrNiMo6 high strength structural steel, quenched and 
tempered, with a tensile strength of 900 MPa; 6351 T6 aluminum 
alloy, heat-treated and artificially aged, with a tensile strength 
of 370 MPa. The chemical compositions of the materials were 
obtained by optical emission analysis according to ASTM A751-
2145 and E1251-2446 standards and presented in (Table 1) and 
(Table 2).

Table 1: Chemical composition of the DIN 34CrNiMo6 steel 
(% wt).

C Cr Mo Ni Fe

0.38 1.51 0.24 1.75 balance

Table 2: Chemical composition of the Al 6351 T6 alloy (% wt).
Mg Fe Cu Mn Zn Ti Si Al

0.60 0.50 0.10 0.60 0.20 0.20 1.00 balance

Mechanical properties

(Table 3) lists the mechanical properties of both materials, 
obtained according to the standard tensile test ASTM E8/
E8M-24 and ASTM E111-1747,48, corresponding to the average 
value of three tests. Vickers’ hardness was determined after three 
tests, using a load of 1 kgf applied for 10 s, according to the 
ASTM E384-22 standard49.
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Table 3: Mechanical properties.
Material Young`s 

modulus 
(GPa)

0.2%-offset 
yield stress 

(MPa)

Ultimate 
tensile strength 

(MPa)

Vickers 
hardness (kgf/

mm2)

DIN 
34CrNiMo6

210 760 900 270

Al 6351 T6 69 270 370 105

Metallography

Samples for metallographic analysis were cut from specimens 
that have undergone fatigue testing and fractography analysis. 
The metallographic preparation was carried out in accordance 
with ASTM E3-1150 standard; polishing was performed in stages 
using diamond paste (steel and aluminum alloy) and colloidal 
silica (aluminum alloy).

The chemical composition of the inclusions and precipitates 
was determined by energy-dispersive spectroscopy (EDS). 
Non-metallic inclusions (34CrNiMo6 steel) and precipitates 
or second-phase particles (6351-T6 aluminum alloy) were 
characterized in accordance with ASTM E1245-03 standard51.

The analysis of inclusions, precipitates and second-phase 
particles was performed in five areas per specimen using 
ImageJ software, with scale calibration in µm/pixel. According 
to Murakami’s classification, inclusions were categorized as 
superficial, subsurface or internal4. The size of each inclusion 
was determined based on the maximum and minimum Feret 
diameters obtained through image processing; the maximum 
Feret corresponds to the largest apparent length of the inclusion, 
while the minimum Feret represents the smallest orthogonal 
dimension. These measurements allowed the recording of 
the largest and smallest inclusion sizes in each analyzed area, 
ensuring accuracy and reproducibility of the data

Fatigue tests

The geometries of the VHCF specimens were designed 
based on Bathias’ formulas12 adopting densities of 7,870 kg/
m³52 and 2,710 kg/m³53, for the steel and aluminum alloy, 
respectively. Regarding the tests under fully reversible loading, 
a thread was machined at one end of specimen’s length, to fix 
the specimen in the equipment. However, for tests with partially 
reversible loading, a second thread was machined opposite to 
the first, making possible the attachment of a load cell to the 
specimen. The specimen geometries are presented in (Figure 5) 
and (Figure 6).

Figure 5: Geometries of the DIN34CrNiMo6 steel specimens: 
a) fully reversible loads; b) partially reversible loads.

Figure 6: Geometries of the Al 6351 T6 alloy specimens: a) 
fully reversible loads; b) partially reversible loads.

VHCF tests were carried out at the Very High Cycle 
Fatigue Laboratory (LABFADAC) at PUC-RIO, making use of 
ultrasonic equipment. All tests were performed under uniaxial 
tensile/compression loading, at a frequency of 20 kHz adopting 
an intermittent pulse and pause of 200 ms each, combined with 
a constant flow of compressed air on the specimen to ensure 
thermal stability at 25 °C.

The first step of VHCF tests was carried out applying fully 
reversible loads (load ratio and mean stress equivalent to -1 and 
zero, respectively) to the specimens. Alternating stresses ranged 
from 0.35 to 0.60 of the ultimate tensile strength of the materials 
to ensure a long fatigue life (at least 1×109 cycles) under lower 
stress levels54. The stress ranges adopted for both materials are 
presented in (Table 4) and (Table 5). The tests were conducted 
until the specimen failure or run out in 1.2×109 cycles and three 
specimens were tested at each stress for each material. (Figure 
7) presents a DIN34CrNiMo6 steel specimen loaded in fully 
reversible condition.

Table 4: VHCF test stresses for DIN34CrNiMo6 steel under 
fully reversible loads.

σa (MPa)

315 35
405 45
420 47
440 49
460 51
480 53
500 56
540 60

The second step of VHCF tests was performed with the 
specimens subjected to partially reversible loads (load ratio and 
mean stress different of -1 and zero, respectively). The specimens 
were preloaded by a load cell attached to their second thread, 
which induced tensile mean stress during the fatigue tests.
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In order to evaluate the applicability of the Goodman, 
Soderberg and Gerber models to predict failures in the VHCF 
regime, different combinations of mean and alternating stresses 
were selected. Alternating stresses ranged from 0.30 to 0.50 of 
the ultimate tensile strength of the materials to ensure the fatigue 
life as longer as possible and the load ratios were selected as 
tensile/compression (-0.25 and -0.50) and fully tensile (0). In the 
sequence, the mean stresses were calculated using Equation 8.

Table 5: VHCF test stresses for Al 6351 T6 alloy under fully 
reversible loads.

σa (MPa)

130 35
148 40
159 43
167 45
174 47
185 50
196 53
207 56

Figure 7: DIN34CrNiMO6 steel specimen under fully reversible 
loading.

where σm, σa and R was previously defined. (Table 6) and 
(Table 7) indicate the stresses adopted for fatigue tests with 
partially reversible loading. In these tables, σmax and σmin represent 
the maximum and minimum values of test stresses, respectively. 
(Figure 8) presents a DIN 34CrNiMo6 steel specimen loaded in 
partially reversible condition.

Table 6: VHCF test stresses for DIN 34CrNiMo6 steel under 
partially reversible loads.

 (%) R σa (MPa) σm (MPa) σmax (MPa) σmin (MPa)

0.40
-0.50

360 120 480 -240

0.50 450 150 600 -300

0.40
-0.25

360 216 576 -144

0.45 400 240 640 -160

0.35
0

315 315 630 0

0.40 360 360 720 0

Table 7: VHCF test stresses for Al 6351 T6 alloy under partially 
reversible loads.

 (%) R σa (MPa) σm (MPa) σmax (MPa) σmin (MPa)

0.30
-0.50

111 37 148 -74

0.40 148 49 197 -99

0.30
-0.25

111 67 178 -44

0.40 148 89 237 -59

0.30
0

111 111 222 0

0.40 148 148 296 0

Figure 8: DIN 34CrNiMo6 steel specimen under partially 
reversible loading.

Results and Discussion
Metallography

Four metallographic specimens were analyzed, extracted 
from the fracture surfaces of the specimens that exhibited the 
longest fatigue lives: two from 6351-T6 aluminum alloy and two 
from DIN 34CrNiMo6 steel. For each material, one specimen 
corresponded to the sample subjected to fully reversed loading 
and the other to partially reversed loading.

Examples of the DIN 34CrNiMo6 steel and Al 6351-T6 
alloy microstructures are presented in (Figures 9 and 10). For 
each specimen, five microscopy images were acquired. Through 
digital image processing, the maximum and minimum length 
(Feret diameters) of the inclusions were determined in each 
image, enabling the registration of the largest and smallest sizes 
observed (Table 8).

Figure 9: Optical micrograph of the DIN 34CrNiMo6 steel 
specimen (fully reversed loading).
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Table 8: Maximum and minimum Feret diameters for both 
materials.

DIN 34CrNiMo6

Loading Sample Maximum 
inclusion (µm)

Minimum 
inclusion (µm)

Fully 
reversed

1 22.1 0.3

2 27.8 0.4

3 13.3 1.3

4 22.2 1.8

5 27.2 2.7

Partially 
reversed

1 36.7 2.7

2 31.4 3.7

3 18.3 2.4

4 31.2 3.8

5 28.4 0.3

Al 6351 T6

F u l l y 
reversed

1 10.5 0.1

2 12.1 0.1

3 10.3 1.0

4 12.2 1.0

5 10.1 1.3

Partially 
reversed

1 13.3 1.1

2 8.4 1.0

3 7.7 17

4 8.1 1.0

5 12.3 0.1

Figure 10: Optical micrograph of the 6351-T6 aluminum alloy 
specimen (partially reversed loading).

The results indicated that the most significant differences 
in inclusion size are associated with the type of material 
investigated. The DIN 34CrNiMo6 steel (Figure 9) exhibited 
substantially larger inclusions, with maximum Feret diameters 
approaching 36 µm, whereas the 6351-T6 aluminum alloy 
(Figure 10) displayed smaller inclusions, with maximum 
Feret diameters around 13 µm. These findings emphasize 
the predominant role of microstructure and inclusion size in 
governing the fatigue process. 

Curve S-N

The results of fully reversed loading tests performed on both 
alloys to establish the VHCF fatigue life curves are presented in 
(Figure 11) and (Figure 12). 

In the case of the steel, fatigue fracture occurred at stress 
amplitudes corresponding to approximately 49% to 60% of σuts, 
whereas for the aluminum alloy, fracture was observed between 
35% and 52% of σuts, both within a fatigue life range of 1×105 to 
1.2×109 cycles.

The fits of the S-N curves yielded the Basquin coefficients. 
For the steel, parameters A and B were found to be 863 and 
-0.0370, respectively. For the aluminum alloy, the values were 
404 and -0.0522, respectively. The Basquin relationships for 
both alloys are presented in Equations 9 and 10, respectively.

Probability bands were constructed to assess the theoretical 
results from the Basquin equations. A relationship between the 
theoretical fatigue life and the experimental life is presented in 
(Figure 13) and (Figure 14) for the steel and aluminum alloy, 
respectively. Scatter bands with a ratio of 1:2 was included in 
the relationship.

Figure 13: Experimental life vs. predicted life based on the S-N 
curve of DIN 34CrNiMo6.

Figure 14: Experimental life vs. predicted life based on the S-N 
curve of Al 6351 T6.

The aluminum alloy exhibited most of its results within the 
scatter band, with few in the conservative region. The steel, in 
turn, had more dispersed results, which may have been affected 
by the presence of more significant defects.

Failure diagrams

Given a partially reversible loading, the Haigh-Soderberg 
failure diagram predicts failure or non-failure based on stress 
equivalence models. To achieve this scope, stresses (σf) under 
fully reversible loading were calculated using Basquin’s 
equation for fatigue lives of 1×107, 1×108 and 1×109 cycles, as 
illustrated in (Table 9), (Table 10) and (Table 11) present the 
results in order of the lowest and highest fatigue life achieved 
for the stress pair σa and σm.
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Table 9: Stress–life relationship estimated by Basquin’s 
equation.

Material Life (cycles) σf (MPa)

DIN 34CrNiMo6

1×107 475

1×108 436

1×109 400

Al 6351 T6

1×107 174

1×108 154

1×109 136

Table 10: Results of partially reversible fatigue tests for the 
steel.

R σa (MPa) σm (MPa) Nf (cycles)

-0.5
360 120 1.31×108 – 3.57×108

450 150 3.65×105 – 5.22×105

-0.25
360 216 5.97×107 – 8.20×107

400 240 2.52×105 – 4.87×105

0
315 315 1.43×106 – 3.40×107

360 360 2.43×106 – 6.01×106

Table 11: Results of partially reversible fatigue tests for the 
aluminum alloy.

R σa (MPa) σm (MPa) Nf (cycles)

-0.5
148 49 4.64×108 – run out

111 37 run out

-0.25
148 89 2.01×107 – 7.20×107

111 67 run out

0
148 148 2.09×106 – 1.40×107

111 111 run out

For each material, three diagrams were constructed, each 
representing a specific fatigue life. Then, for each stress pair σa 

and σm, the tests exhibiting the lowest fatigue life were selected 
to adopt a more conservative approach. Each test plotted in 
the diagram was evaluated to determine whether failure had 
occurred for the proposed fatigue life, with the objective of 
identifying and quantifying which models were able to predict 
potential fracture. (Figure 15) and (Figure 16) show the failure 
diagrams for both alloys. 

To synthesize the results of (Figure 15) and (Figure 16), 
Equation 11 presents the Evaluation of Model Accuracy (EMA):

where EF is the number of experimentally obtained failures, 
FP is the number of failures predicted by the analyzed model 
and NT is the number of tests represented in the graph; in this 
study, NT equals 6. The results of each model within the FADs 
are presented in (Table 12).

The Goodman model showed the best fit for both alloys, 
with errors below 16%, as expected, given its well-documented 
recurrent applicability in many engineering designs39,55-57. 
In parallel, analyzing the error values for the Gerber and 
Soderberg models in both alloys, the conservative Soderberg 
model was better suited for steel, whereas the aluminum alloy 
showed better agreement with the less conservative Gerber 
model. An investigation was conducted to evaluate the effect 
of microstructural inhomogeneities, since equivalence models 
are formulated purely based on mechanical parameters and do 
not account for the influence of metallurgical defects on fatigue 
behavior. The presence of heterogeneities was assessed using the 
methodology proposed by Wen-Jie P, et al.,58 where Equation 
12 determines a critical defect size capable of acting as a crack 
nucleation site.

Figure 15: Failure diagram for the DIN 34CrNiMo6 steel: (a) Fatigue life of 1×107 cycles, (b) Fatigue life of 1×108 and (c) Fatigue 
life of 1×109
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Figure 16: Failure diagram for the Al 6351 T6 alloy: (a) Fatigue life of 1×107, (b) Fatigue life of 1×108 and (c) Fatigue life of 1×109.

of 0.528 (subsurface), 0.813 (surface) and 0.969 (internal). To 
analyze the effect of inclusion size, the Gumbel distribution was 
applied, using the maximum likelihood method to determine 
the maximum inclusion size that can occur in each material59. 
A comparison between the maximum size of the inclusions 
estimated via Gumbel distribution (Gd) and the critical value 
calculated using Equation 12 is presented in (Table 13).

Table 13: Assessment of the critical inclusion size in both alloys.
Material Vickers 

hardness (HV)
Gd (µm) Position  (µm) Gd status

Al 6351 T6
105 21.01

surface 78.71 Below

subsurface 51.12 Below

internal 93.82 Below

DIN 34CrNi-
Mo6 270 49.45

surface 7.38 Above

subsuper-
ficial

4.80 Above

internal 8.80 Above

For the aluminum alloy, all evaluated inclusions exhibited 
dimensions below the critical size, regardless of their position. 
Therefore, crack nucleation in aluminum was predominantly 
driven by surface irregularities or local stress concentrations 
rather than the presence of inclusions. In contrast, for the steel, 
the maximum inclusion sizes exceeded the critical thresholds 
in all analyzed positions (surface, subsurface and internal). 
These results emphasize that inclusion size was a determining 
factor for fatigue behavior and for the evaluation of equivalence 
models within the failure diagram. In the aluminum alloy, 
failures occurred at longer lives, showing better predictability 
with the Gerber model, whereas the steel experienced premature 
failures due to inclusions exceeding the critical limit, aligning 
more closely with the Soderberg model.

Table 12: Fatigue life prediction by equivalence models for DIN 
34CrNiMo6 steel.

Life (cycles) Models EMA (%)

1×107

Goodman 0 

Soderberg 16 

Gerber 66 

1×108

Goodman 0

Soderberg 0 

Gerber 66 

1×109

Goodman 0 

Soderberg 0 

Gerber 50 

Table 13: Fatigue life prediction by equivalence models for Al 
6351 T6 alloy.

Life (cycles) Models EMA (%)

1×107

Gerber 0

Goodman 16 

Soderberg 50 

1×108

Gerber 16 

Goodman 16 

Soderberg 16 

1×109

Gerber 16 

Goodman 0 

Soderberg 33 

HV represents the Vickers hardness of the material and Cin​ is a 
coefficient dependent on the inclusion position, assuming values 
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Conclusion
The present study evaluated the applicability of classical 

stress equivalence models - Goodman, Gerber and Soderberg - 
in predicting the fatigue behavior of a high-strength structural 
steel (DIN 34CrNiMo6) and an aluminum alloy (Al 6351-
T6) in the very high cycle fatigue regime, considering fully 
and partially reversible loadings. Besides this, this research 
emphasizes the importance of integrating mechanical modeling 
and microstructural characterization to achieve more robust and 
representative predictions of the fatigue life of metallic materials.

From the obtained results, one can draw the following 
conclusions:

•	 The Goodman model showed greater consistency in 
predicting fatigue life for both materials, highlighting its 
robustness for extrapolations beyond the conventional limit 
of 107 cycles. However, it was observed that the accuracy of 
the models depends significantly on microstructural factors.

•	 Nevertheless, it was observed that the accuracy of the 
Soderberg and Gerber models depends significantly on 
microstructural factors. With regards to the steel, the 
Soderberg model proved a more suitable match, mainly due 
to its more conservative nature, which more realistically 
reflected the influence of larger inclusions that exceeded the 
estimated critical size, resulting in premature failures.

•	 In contrast, for the aluminum alloy, whose inclusions 
remained below the critical threshold, the most appropriate 
prediction was obtained with the Gerber model, which is 
less conservative and provides a better fit for the alloy, 
where surface nucleation predominates and inclusions do 
not reach critical dimensions.

•	 These results reinforce that the validity of equivalence 
models in the VHCF regime cannot be assessed solely 
from the perspective of mechanical parameters, making 
it essential to consider microstructural heterogeneities, 
particularly those related to the size and distribution of 
inclusions.
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