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Abstract 

In the present study, very high cycle fatigue (VHCF) characteristics and properties of a direct quenched and 
partitioned (DQ&P) medium carbon (0.4 wt.% C) steel having ultrahigh-strength (UTS > 2 GPa) was investigated 
using an ultrasonic-fatigue testing technique (~19 kHz frequency) up to ~1010 cycles at the load ratio (R) of −1 
(fully reversed tension-compression).  The occurrence of crack initiation in the VHCF regime was observed at 
interior non-metallic inclusions. The microstructural changes following VHCF failure underneath the fracture 
surfaces near the crack initiation sites were further investigated through transmission electron microscopy. 
Formation of a clear nanograined subsurface layer adjacent to the crack initiating site at the interior inclusion was 
noticeably evident. The variation of average grain size (60 − 140 nm) and thickness (300 − 1200 nm) of 
nanograined layers at different number of cycles to failure were measured in detail. Apparently, localized plastic 
deformation caused the fragmentation of martensitic laths and hence, the formation of aforesaid ultrafine-grained 
layers in the microstructures. 
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1. Introduction 
 

Mechanical structures and components like those employed in offshore applications, bridges, rails, 
railway wheels, engine components, load bearing parts of automobiles, transportations systems etc., often must 
endure long service lives, equivalent to 108-1010 loading cycles in fatigue and sometimes even beyond their 
original design lives taking into account both environmental as well as economic considerations.  This has led to 
a growing interest in fatigue behaviour of structural materials under very high cycle loading conditions to ensure 
their long-term safety aspects (Sakai et al. (2009)). In this context, the recent development of tough, ultrahigh-
strength steels has shown a great potential in the field of high-end equipment manufacturing, thereby fulfilling the 
demands of lightweight engineering and performance upgrade. However, very high cycle fatigue (VHCF) failure 
has become a key issue because of the inherent low defect tolerance of high/ultrahigh-strength steels (Nakajima 
et al. (2010), Nie et al. (2013)). In these steels, cracks tend to initiate at interior inclusions in the VHCF regime, 
even at a stress level below the conventional endurance limit. Hence, to ensure the long-term stability and safety 
of many engineering components and structures manufactured from these advanced ultrahigh-strength steels, a 
thorough evaluation of their VHCF properties is of utmost importance. Moreover, the fracture surface of a failed 
VHCF sample often shows a unique fine-granular appearing area at the site of crack nucleation at the interior 
inclusion. Such a unique feature has attracted the attention of many researchers to investigate the associated VHCF 
failure micro-mechanism/s. 

In recent years, a significant research effort has been directed towards the development of advanced high-
strength steels with excellent combinations of strength, toughness and ductility. The novel processing route of 
direct quenching and partitioning (DQ&P) is now a well-established process imparting a significant balance of 
ultrahigh-strength and reasonable ductility in advanced high-strength steels, besides imparting excellent low 
temperature toughness (Ghosh et al. (2021), Ghosh et al. (2022)). In this process, small fractions of austenite are 
partially or fully stabilized down to room temperature, often divided as thin interlath films and/or tiny pools in the 
martensitic matrix (Speer et al. (2003), Ghosh et al. (2022)). Whilst the martensitic matrix provides the required 
high strength, a small fraction of finely divided austenite stabilized between the martensitic laths is expected to 
provide desired uniform elongation and work hardening characteristics via the transformation induced plasticity 
effect.  

In this paper, investigations were carried out to understand the micro-mechanisms associated with crack 
initiation in the VHCF regime for a DQ&P processed 0.4 wt.% C steel using the ultrasonic-fatigue testing 
technique. The specimens were subjected to VHCF testing (19 kHz) at a stress ratio of R= −1 and thoroughly 
investigated in respect of fractographic features using a field emission scanning electron microscope (FE-SEM) 
to identify the crack initiation sites and determine the cause of VHCF failure. An account of the microstructural 
characteristics of the crack initiation region, analysed using FE-SEM and transmission electron microscopy 
(TEM), along with associated micro-mechanisms is presented in this paper. 

 
2. Experiment Details 
 
2.1. Test material  
 
In this study, a 0.4 wt.% carbon (C) steel containing 0.75 wt.% silicon (Si) was designed along with different 
contents of manganese (Mn), chromium (Cr), and nickel (Ni). A 70-kg vacuum-cast steel ingot of this steel was 
procured from OCAS, Belgium. The final composition details of the steel are presented in Table 1. 
 
Table 1: Chemical composition (wt. %) of the experimental steel. 
 

C Si Mn Al Cr Ni 
0.41 0.68 2.04 0.03 0.99 0.49 

 
2.2. Material processing 
 
A novel processing route involving multiple passes of thermomechanically controlled rolling and subsequent 
direct quenching and partitioning (DQ&P) treatment was employed to impart ultrahigh-strength level in the steel 
alongside reasonable ductility and toughness. Fig. 2a represents a schematic presentation of the designed DQ&P 
schedule. The first three hot rolling passes were conducted well above the no-recrystallization temperature (Tnr) 
with ~0.2 strain in each pass. The second stage comprised of three controlled rolling passes in the no-
recrystallisation regime (below the Tnr temperature). The finish rolling temperature was chosen well the above the 
Ar3 temperature to avoid any strain-induced ferrite formation. Immediately after the finish rolling pass, the rolled 
plate with the final thickness of about ~15 mm was quenched in a tank of water close to the desired quench stop 
temperature (TQ = 150 C) and then subjected to partitioning treatment by quickly inserting the sample in a 
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preheated furnace maintained at the desired partitioning temperature (TP = 200 C) and switching off the furnace. 
This enabled partitioning during slow cooling of the furnace overnight (~30 h), thus simulating the cooling of the 
coiled strip in actual industrial rolling practice. The DQ&P parameters were previously optimized based on the 
physical simulation experiments conducted on a Gleeble thermomechanical simulator. More details about the 
processing parameters are reported in our previous studies (Miettunen et al. (2021), Ghosh et al. (2021), Ghosh et 
al. (2022)). 

 
Fig. 1: (a) Schematic presentation of DQ&P process, (b) Specimen geometry used for VHCF tests. 
 
2.3. Very high cycle fatigue (VHCF) testing 
 
The VHCF tests illustrating stress amplitude (σa) vs. number of cycles to failure (Nf) were performed using an 
ultrasonic fatigue testing equipment developed at BOKU. The specimen geometry used for uniaxial 
tensile/compression loading in VHCF tests is shown in Fig. 1b. The uniaxial fatigue tests were conducted in 
ambient temperature in air with the chosen load ratio of R = −1 and a frequency of ~19 kHz. A detailed description 
of the testing is reported by Mayer (2016). To avoid dissipative heating of the specimens due to VHCF, both the 
compressed air as well as pulsed loading were applied. The specimens were loaded until at least 2×1010 cycles or 
failure, whichever was earlier. 
 
2.4. Micro-mechanical characterization 
 
Fatigue failed fracture surfaces were examined in a FEI Quanta 250 FEG FE-SEM. The microstructural study of 
the selected samples was conducted using a JEOL 2200FS EFTEM/STEM operated at 200 kV enabling high 
magnification resolution to illustrate in-depth structural phenomena adjacent to fatigue crack initiation region. For 
TEM analyses, thin lamellas were extracted from ODAs adjacent to the crack initiating inclusions of some failed 
specimens using focused ion beam (FIB) technique. 
 
3. Results and discussion 
 
3.1  Microstructural features 
 
Fig. 2a shows typical TEM bright field (BF) image of DQ&P treated steel specimen illustrating its microstructure, 
which essentially consisted of highly dislocated laths, blocks and packets of martensite structure, interspersed 
with finely divided film-like retained austenite (RA). In addition, the existence of twinned martensite was noticed 
in Fig. 2a. The film-like RA was more clearly revealed in TEM dark field (DF) image, as shown in Fig. 2b. The 
selected area electron diffraction (SAED) pattern (inset in 2b), recorded with [011] zone axis, clearly depicts the 
diffraction spots corresponding to RA.  
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their long-term safety aspects (Sakai et al. (2009)). In this context, the recent development of tough, ultrahigh-
strength steels has shown a great potential in the field of high-end equipment manufacturing, thereby fulfilling the 
demands of lightweight engineering and performance upgrade. However, very high cycle fatigue (VHCF) failure 
has become a key issue because of the inherent low defect tolerance of high/ultrahigh-strength steels (Nakajima 
et al. (2010), Nie et al. (2013)). In these steels, cracks tend to initiate at interior inclusions in the VHCF regime, 
even at a stress level below the conventional endurance limit. Hence, to ensure the long-term stability and safety 
of many engineering components and structures manufactured from these advanced ultrahigh-strength steels, a 
thorough evaluation of their VHCF properties is of utmost importance. Moreover, the fracture surface of a failed 
VHCF sample often shows a unique fine-granular appearing area at the site of crack nucleation at the interior 
inclusion. Such a unique feature has attracted the attention of many researchers to investigate the associated VHCF 
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high strength, a small fraction of finely divided austenite stabilized between the martensitic laths is expected to 
provide desired uniform elongation and work hardening characteristics via the transformation induced plasticity 
effect.  

In this paper, investigations were carried out to understand the micro-mechanisms associated with crack 
initiation in the VHCF regime for a DQ&P processed 0.4 wt.% C steel using the ultrasonic-fatigue testing 
technique. The specimens were subjected to VHCF testing (19 kHz) at a stress ratio of R= −1 and thoroughly 
investigated in respect of fractographic features using a field emission scanning electron microscope (FE-SEM) 
to identify the crack initiation sites and determine the cause of VHCF failure. An account of the microstructural 
characteristics of the crack initiation region, analysed using FE-SEM and transmission electron microscopy 
(TEM), along with associated micro-mechanisms is presented in this paper. 
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preheated furnace maintained at the desired partitioning temperature (TP = 200 C) and switching off the furnace. 
This enabled partitioning during slow cooling of the furnace overnight (~30 h), thus simulating the cooling of the 
coiled strip in actual industrial rolling practice. The DQ&P parameters were previously optimized based on the 
physical simulation experiments conducted on a Gleeble thermomechanical simulator. More details about the 
processing parameters are reported in our previous studies (Miettunen et al. (2021), Ghosh et al. (2021), Ghosh et 
al. (2022)). 

 
Fig. 1: (a) Schematic presentation of DQ&P process, (b) Specimen geometry used for VHCF tests. 
 
2.3. Very high cycle fatigue (VHCF) testing 
 
The VHCF tests illustrating stress amplitude (σa) vs. number of cycles to failure (Nf) were performed using an 
ultrasonic fatigue testing equipment developed at BOKU. The specimen geometry used for uniaxial 
tensile/compression loading in VHCF tests is shown in Fig. 1b. The uniaxial fatigue tests were conducted in 
ambient temperature in air with the chosen load ratio of R = −1 and a frequency of ~19 kHz. A detailed description 
of the testing is reported by Mayer (2016). To avoid dissipative heating of the specimens due to VHCF, both the 
compressed air as well as pulsed loading were applied. The specimens were loaded until at least 2×1010 cycles or 
failure, whichever was earlier. 
 
2.4. Micro-mechanical characterization 
 
Fatigue failed fracture surfaces were examined in a FEI Quanta 250 FEG FE-SEM. The microstructural study of 
the selected samples was conducted using a JEOL 2200FS EFTEM/STEM operated at 200 kV enabling high 
magnification resolution to illustrate in-depth structural phenomena adjacent to fatigue crack initiation region. For 
TEM analyses, thin lamellas were extracted from ODAs adjacent to the crack initiating inclusions of some failed 
specimens using focused ion beam (FIB) technique. 
 
3. Results and discussion 
 
3.1  Microstructural features 
 
Fig. 2a shows typical TEM bright field (BF) image of DQ&P treated steel specimen illustrating its microstructure, 
which essentially consisted of highly dislocated laths, blocks and packets of martensite structure, interspersed 
with finely divided film-like retained austenite (RA). In addition, the existence of twinned martensite was noticed 
in Fig. 2a. The film-like RA was more clearly revealed in TEM dark field (DF) image, as shown in Fig. 2b. The 
selected area electron diffraction (SAED) pattern (inset in 2b), recorded with [011] zone axis, clearly depicts the 
diffraction spots corresponding to RA.  
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Fig. 2: TEM BF (a) and DF (b) images, and corresponding SAED pattern recorded on DQ&P sample (inset in b). 
 
3.2  S-N tests and fractography 
 
The S-N curve indicates the number of cycles to failure (N), when a material is alternatingly cycled through a 
specified stress range (S). Fig. 3a shows the obtained S-N data in terms of stress amplitude (σa) vs. Nf with an R-
ratio of −1, which covers the fatigue life from 104 to more than 1010 cycles. The S-N curve exhibits a duplex trend: 
Some specimens cycled at stress amplitudes in the range ~1000 to 950 MPa showed surface crack initiation and 
failures between 104 to 107 cycles. Other specimens cycled at these stress amplitudes, as well as all specimens 
cycled at lower stress amplitudes showed interior crack initiation with lifetimes between 106-1010 cycles. 
 

 
 
Fig. 3: (a) S-N data of DQ&P steel with R = −1. (b-d) Typical fracture surface morphologies of the corresponding 
specimens failed at 2.37107 (S1), 3.12108 (S2) and 2.50109 (S3) cycles, respectively. 
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The fracture surfaces of all the fatigue-failed specimens were examined in the SEM. Referring to Fig. 
3a, the specimens failed with cracks nucleated at (or near) the surface inclusions and those at interior inclusions 
are indicated by black and gray colour dots, respectively, whereas the only hollow symbol in the figure signifies 
the run-out specimen without failure. Based on the fractographic analysis, fatigue crack initiation at surface defects 
was dominant between 104 to 106 cycles. However, fatigue cracks initiated from internal defects endured 107 
cycles and beyond. A scatter in the S-N data is noticed in the VHCF regime, essentially due to the differences in 
size and shape of the crack-initiating inclusions. Schönbauer et al. (2021) also observed a similar scatter in the S-
N data of an ultrahigh-strength martensitic steel CK45M in the very high cycle regime and reported the influence 
of size/shape of the nonmetallic inclusions on the VHCF strength. The scatter in data was observed even under 
torsional VHCF loading (Schönbauer et al. (2022)). 

Figs. 3b, 3c and 3d represent the fracture surfaces of the three representative specimens failed at 
2.37107, 3.12108 and 2.50109 cycles, respectively. It can be seen in these figures that all the specimens failed 
because of the inherent defects, i.e., interior inclusions. The crack initiation and propagation paths could also 
clearly be identified in Figs. 3b, c and d.  The fracture surfaces of these specimens exhibit the unique morphology 
comprising fine-granular appearing regions around the inclusions. Murakami et al. (2000) named such a particular 
morphology as “optically dark area” (ODA) because this region appears dark when observed with an optical 
microscope. Shiozawa et al. (2001) and Sakai et al. (2001) named this region as “granular bright facet” (GBF) 
and “fine granular area” (FGA), respectively. This ODA/GBF/FGA (in the following, only the expression ODA 
will be used) is usually considered as a characteristic region formed during crack initiation under VHCF failure 
for steels and consumes more than 95% of the total fatigue life. According to SEM observations, ODAs have a 
rough morphology, quite different from that of the surrounding areas. 

Several mechanisms have since been proposed for explaining the formation of bright granular 
facet/ODA. Murakami et al. (2000) presumed that the hydrogen trapped by inclusion was possibly a key 
influencing factor for the formation of ODA. Shiozawa et al. (2006) claimed that ODA formed due to the 
decohesion of spherical carbides from the matrix around the non-metallic inclusions and subsequent coalescence 
with each other. Chai (2006) observed subsurface, non‐defect fatigue crack origin in multiphase steels and 
reported that the crack originated due to deformation mismatch between the soft (austenite) and hard phases 
(bainite/martensite). Sakai et al. (2009) suggest the formation of a fine granular layer, followed by micro-
debonding between the layer and the undeformed matrix and penny-shaped fatigue crack formation. Zhao et al. 
(2015) reported formation of fine granular area through polygonization and debonding between the inclusions and 
the matrix. Hong et al. (2016) proposed that the ODA forms due to numerous cyclic pressing (NCP) between the 
crack surfaced which causes grain refinement at the originated crack wake. Recently, Pineau and Forest (2017) 
have shown that cyclic plastic strain localization around inclusions was very much dependent on both the elastic 
misfit properties of inclusions and the metallic matrix, as well as the residual stresses around inclusions due to the 
difference in the thermal expansion coefficients of the matrix and the inclusions. To date, there remains some 
debates about these mechanisms in steels and hardly any literature is available on the VHCF failure micro-
mechanisms associated with direct quenched and partitioned ultrahigh-strength steels. The microstructural details 
in the crack initiation region are characterized in the following Section 3.3. 
 
3.3  Failure micro mechanisms 
 
For the purpose of detailed revelation of the microstructural characteristics in the crack initiation site, small 
lamellae were extracted using FIB technique from the specific locations of the cross sections of fracture surfaces 
adjacent to internal defects (interior inclusions). These lamellae were extracted from Specimens S1, S2 and S3, 
as shown in Figs. 4b, c and d, where failure occurred at different numbers of cycles (2.37107, 3.12108 and 
2.50109, respectively).  Figs. 4a, d and g present magnified SEM fractographs of the S1, S2 and S3 specimens, 
respectively, where the inclusions and the adjacent ODAs are visible. The locations of FIB milling areas are 
marked by dotted rectangles.  

Figs. 4b, e and h illustrate the TEM BF images recorded on the FIBed lamellae extracted from specimens 
S1, S2 and S3, respectively. These images show planes parallel to the loading direction to reveal the microstructure 
below the fracture surface in the ODA. The existence of ultrafine grain structures was clearly evident in all three 
specimens adjacent to respective crack initiation regions, which can be more clearly seen in magnified images 
(Figs. 4c, f and i). Clear ring-like SAED patterns recorded at the corresponding locations confirmed the presence 
of ultrafine-grained structures. Based on the analysis of SAED patterns at different depths of a particular FIB 
lamella from the fracture surface towards the interior, the thickness of the ultrafine grain layer in the ODA was 
measured. A clear variation of ultrafine-grained layer thickness was discerned between the S1, S2 and S3 
specimens: While the thicknesses in S1 and S2 specimens were estimated as ~300 and 900 nm, respectively, a 
relatively thicker layer (~1200 nm) was measured in specimen S3. This clearly demonstrates an increase in 
ultrafine-grained layer thickness with increasing number of cycles to failure. Moreover, microstructural 
inhomogeneities with different grain sizes and morphologies underneath the selected location (from surface 

Ghosh et al.  / Structural Integrity Procedia  00 (2022) 000–000 

The fracture surfaces of all the fatigue-failed specimens were examined in the SEM. Referring to Fig. 
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debates about these mechanisms in steels and hardly any literature is available on the VHCF failure micro-
mechanisms associated with direct quenched and partitioned ultrahigh-strength steels. The microstructural details 
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marked by dotted rectangles.  

Figs. 4b, e and h illustrate the TEM BF images recorded on the FIBed lamellae extracted from specimens 
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3a, the specimens failed with cracks nucleated at (or near) the surface inclusions and those at interior inclusions 
are indicated by black and gray colour dots, respectively, whereas the only hollow symbol in the figure signifies 
the run-out specimen without failure. Based on the fractographic analysis, fatigue crack initiation at surface defects 
was dominant between 104 to 106 cycles. However, fatigue cracks initiated from internal defects endured 107 
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2.37107, 3.12108 and 2.50109 cycles, respectively. It can be seen in these figures that all the specimens failed 
because of the inherent defects, i.e., interior inclusions. The crack initiation and propagation paths could also 
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morphology as “optically dark area” (ODA) because this region appears dark when observed with an optical 
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and “fine granular area” (FGA), respectively. This ODA/GBF/FGA (in the following, only the expression ODA 
will be used) is usually considered as a characteristic region formed during crack initiation under VHCF failure 
for steels and consumes more than 95% of the total fatigue life. According to SEM observations, ODAs have a 
rough morphology, quite different from that of the surrounding areas. 
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influencing factor for the formation of ODA. Shiozawa et al. (2006) claimed that ODA formed due to the 
decohesion of spherical carbides from the matrix around the non-metallic inclusions and subsequent coalescence 
with each other. Chai (2006) observed subsurface, non‐defect fatigue crack origin in multiphase steels and 
reported that the crack originated due to deformation mismatch between the soft (austenite) and hard phases 
(bainite/martensite). Sakai et al. (2009) suggest the formation of a fine granular layer, followed by micro-
debonding between the layer and the undeformed matrix and penny-shaped fatigue crack formation. Zhao et al. 
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the matrix. Hong et al. (2016) proposed that the ODA forms due to numerous cyclic pressing (NCP) between the 
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have shown that cyclic plastic strain localization around inclusions was very much dependent on both the elastic 
misfit properties of inclusions and the metallic matrix, as well as the residual stresses around inclusions due to the 
difference in the thermal expansion coefficients of the matrix and the inclusions. To date, there remains some 
debates about these mechanisms in steels and hardly any literature is available on the VHCF failure micro-
mechanisms associated with direct quenched and partitioned ultrahigh-strength steels. The microstructural details 
in the crack initiation region are characterized in the following Section 3.3. 
 
3.3  Failure micro mechanisms 
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lamellae were extracted using FIB technique from the specific locations of the cross sections of fracture surfaces 
adjacent to internal defects (interior inclusions). These lamellae were extracted from Specimens S1, S2 and S3, 
as shown in Figs. 4b, c and d, where failure occurred at different numbers of cycles (2.37107, 3.12108 and 
2.50109, respectively).  Figs. 4a, d and g present magnified SEM fractographs of the S1, S2 and S3 specimens, 
respectively, where the inclusions and the adjacent ODAs are visible. The locations of FIB milling areas are 
marked by dotted rectangles.  

Figs. 4b, e and h illustrate the TEM BF images recorded on the FIBed lamellae extracted from specimens 
S1, S2 and S3, respectively. These images show planes parallel to the loading direction to reveal the microstructure 
below the fracture surface in the ODA. The existence of ultrafine grain structures was clearly evident in all three 
specimens adjacent to respective crack initiation regions, which can be more clearly seen in magnified images 
(Figs. 4c, f and i). Clear ring-like SAED patterns recorded at the corresponding locations confirmed the presence 
of ultrafine-grained structures. Based on the analysis of SAED patterns at different depths of a particular FIB 
lamella from the fracture surface towards the interior, the thickness of the ultrafine grain layer in the ODA was 
measured. A clear variation of ultrafine-grained layer thickness was discerned between the S1, S2 and S3 
specimens: While the thicknesses in S1 and S2 specimens were estimated as ~300 and 900 nm, respectively, a 
relatively thicker layer (~1200 nm) was measured in specimen S3. This clearly demonstrates an increase in 
ultrafine-grained layer thickness with increasing number of cycles to failure. Moreover, microstructural 
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Fig. 2: TEM BF (a) and DF (b) images, and corresponding SAED pattern recorded on DQ&P sample (inset in b). 
 
3.2  S-N tests and fractography 
 
The S-N curve indicates the number of cycles to failure (N), when a material is alternatingly cycled through a 
specified stress range (S). Fig. 3a shows the obtained S-N data in terms of stress amplitude (σa) vs. Nf with an R-
ratio of −1, which covers the fatigue life from 104 to more than 1010 cycles. The S-N curve exhibits a duplex trend: 
Some specimens cycled at stress amplitudes in the range ~1000 to 950 MPa showed surface crack initiation and 
failures between 104 to 107 cycles. Other specimens cycled at these stress amplitudes, as well as all specimens 
cycled at lower stress amplitudes showed interior crack initiation with lifetimes between 106-1010 cycles. 
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The fracture surfaces of all the fatigue-failed specimens were examined in the SEM. Referring to Fig. 
3a, the specimens failed with cracks nucleated at (or near) the surface inclusions and those at interior inclusions 
are indicated by black and gray colour dots, respectively, whereas the only hollow symbol in the figure signifies 
the run-out specimen without failure. Based on the fractographic analysis, fatigue crack initiation at surface defects 
was dominant between 104 to 106 cycles. However, fatigue cracks initiated from internal defects endured 107 
cycles and beyond. A scatter in the S-N data is noticed in the VHCF regime, essentially due to the differences in 
size and shape of the crack-initiating inclusions. Schönbauer et al. (2021) also observed a similar scatter in the S-
N data of an ultrahigh-strength martensitic steel CK45M in the very high cycle regime and reported the influence 
of size/shape of the nonmetallic inclusions on the VHCF strength. The scatter in data was observed even under 
torsional VHCF loading (Schönbauer et al. (2022)). 

Figs. 3b, 3c and 3d represent the fracture surfaces of the three representative specimens failed at 
2.37107, 3.12108 and 2.50109 cycles, respectively. It can be seen in these figures that all the specimens failed 
because of the inherent defects, i.e., interior inclusions. The crack initiation and propagation paths could also 
clearly be identified in Figs. 3b, c and d.  The fracture surfaces of these specimens exhibit the unique morphology 
comprising fine-granular appearing regions around the inclusions. Murakami et al. (2000) named such a particular 
morphology as “optically dark area” (ODA) because this region appears dark when observed with an optical 
microscope. Shiozawa et al. (2001) and Sakai et al. (2001) named this region as “granular bright facet” (GBF) 
and “fine granular area” (FGA), respectively. This ODA/GBF/FGA (in the following, only the expression ODA 
will be used) is usually considered as a characteristic region formed during crack initiation under VHCF failure 
for steels and consumes more than 95% of the total fatigue life. According to SEM observations, ODAs have a 
rough morphology, quite different from that of the surrounding areas. 

Several mechanisms have since been proposed for explaining the formation of bright granular 
facet/ODA. Murakami et al. (2000) presumed that the hydrogen trapped by inclusion was possibly a key 
influencing factor for the formation of ODA. Shiozawa et al. (2006) claimed that ODA formed due to the 
decohesion of spherical carbides from the matrix around the non-metallic inclusions and subsequent coalescence 
with each other. Chai (2006) observed subsurface, non‐defect fatigue crack origin in multiphase steels and 
reported that the crack originated due to deformation mismatch between the soft (austenite) and hard phases 
(bainite/martensite). Sakai et al. (2009) suggest the formation of a fine granular layer, followed by micro-
debonding between the layer and the undeformed matrix and penny-shaped fatigue crack formation. Zhao et al. 
(2015) reported formation of fine granular area through polygonization and debonding between the inclusions and 
the matrix. Hong et al. (2016) proposed that the ODA forms due to numerous cyclic pressing (NCP) between the 
crack surfaced which causes grain refinement at the originated crack wake. Recently, Pineau and Forest (2017) 
have shown that cyclic plastic strain localization around inclusions was very much dependent on both the elastic 
misfit properties of inclusions and the metallic matrix, as well as the residual stresses around inclusions due to the 
difference in the thermal expansion coefficients of the matrix and the inclusions. To date, there remains some 
debates about these mechanisms in steels and hardly any literature is available on the VHCF failure micro-
mechanisms associated with direct quenched and partitioned ultrahigh-strength steels. The microstructural details 
in the crack initiation region are characterized in the following Section 3.3. 
 
3.3  Failure micro mechanisms 
 
For the purpose of detailed revelation of the microstructural characteristics in the crack initiation site, small 
lamellae were extracted using FIB technique from the specific locations of the cross sections of fracture surfaces 
adjacent to internal defects (interior inclusions). These lamellae were extracted from Specimens S1, S2 and S3, 
as shown in Figs. 4b, c and d, where failure occurred at different numbers of cycles (2.37107, 3.12108 and 
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marked by dotted rectangles.  
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influencing factor for the formation of ODA. Shiozawa et al. (2006) claimed that ODA formed due to the 
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with each other. Chai (2006) observed subsurface, non‐defect fatigue crack origin in multiphase steels and 
reported that the crack originated due to deformation mismatch between the soft (austenite) and hard phases 
(bainite/martensite). Sakai et al. (2009) suggest the formation of a fine granular layer, followed by micro-
debonding between the layer and the undeformed matrix and penny-shaped fatigue crack formation. Zhao et al. 
(2015) reported formation of fine granular area through polygonization and debonding between the inclusions and 
the matrix. Hong et al. (2016) proposed that the ODA forms due to numerous cyclic pressing (NCP) between the 
crack surfaced which causes grain refinement at the originated crack wake. Recently, Pineau and Forest (2017) 
have shown that cyclic plastic strain localization around inclusions was very much dependent on both the elastic 
misfit properties of inclusions and the metallic matrix, as well as the residual stresses around inclusions due to the 
difference in the thermal expansion coefficients of the matrix and the inclusions. To date, there remains some 
debates about these mechanisms in steels and hardly any literature is available on the VHCF failure micro-
mechanisms associated with direct quenched and partitioned ultrahigh-strength steels. The microstructural details 
in the crack initiation region are characterized in the following Section 3.3. 
 
3.3  Failure micro mechanisms 
 
For the purpose of detailed revelation of the microstructural characteristics in the crack initiation site, small 
lamellae were extracted using FIB technique from the specific locations of the cross sections of fracture surfaces 
adjacent to internal defects (interior inclusions). These lamellae were extracted from Specimens S1, S2 and S3, 
as shown in Figs. 4b, c and d, where failure occurred at different numbers of cycles (2.37107, 3.12108 and 
2.50109, respectively).  Figs. 4a, d and g present magnified SEM fractographs of the S1, S2 and S3 specimens, 
respectively, where the inclusions and the adjacent ODAs are visible. The locations of FIB milling areas are 
marked by dotted rectangles.  

Figs. 4b, e and h illustrate the TEM BF images recorded on the FIBed lamellae extracted from specimens 
S1, S2 and S3, respectively. These images show planes parallel to the loading direction to reveal the microstructure 
below the fracture surface in the ODA. The existence of ultrafine grain structures was clearly evident in all three 
specimens adjacent to respective crack initiation regions, which can be more clearly seen in magnified images 
(Figs. 4c, f and i). Clear ring-like SAED patterns recorded at the corresponding locations confirmed the presence 
of ultrafine-grained structures. Based on the analysis of SAED patterns at different depths of a particular FIB 
lamella from the fracture surface towards the interior, the thickness of the ultrafine grain layer in the ODA was 
measured. A clear variation of ultrafine-grained layer thickness was discerned between the S1, S2 and S3 
specimens: While the thicknesses in S1 and S2 specimens were estimated as ~300 and 900 nm, respectively, a 
relatively thicker layer (~1200 nm) was measured in specimen S3. This clearly demonstrates an increase in 
ultrafine-grained layer thickness with increasing number of cycles to failure. Moreover, microstructural 
inhomogeneities with different grain sizes and morphologies underneath the selected location (from surface 
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(2015) reported formation of fine granular area through polygonization and debonding between the inclusions and 
the matrix. Hong et al. (2016) proposed that the ODA forms due to numerous cyclic pressing (NCP) between the 
crack surfaced which causes grain refinement at the originated crack wake. Recently, Pineau and Forest (2017) 
have shown that cyclic plastic strain localization around inclusions was very much dependent on both the elastic 
misfit properties of inclusions and the metallic matrix, as well as the residual stresses around inclusions due to the 
difference in the thermal expansion coefficients of the matrix and the inclusions. To date, there remains some 
debates about these mechanisms in steels and hardly any literature is available on the VHCF failure micro-
mechanisms associated with direct quenched and partitioned ultrahigh-strength steels. The microstructural details 
in the crack initiation region are characterized in the following Section 3.3. 
 
3.3  Failure micro mechanisms 
 
For the purpose of detailed revelation of the microstructural characteristics in the crack initiation site, small 
lamellae were extracted using FIB technique from the specific locations of the cross sections of fracture surfaces 
adjacent to internal defects (interior inclusions). These lamellae were extracted from Specimens S1, S2 and S3, 
as shown in Figs. 4b, c and d, where failure occurred at different numbers of cycles (2.37107, 3.12108 and 
2.50109, respectively).  Figs. 4a, d and g present magnified SEM fractographs of the S1, S2 and S3 specimens, 
respectively, where the inclusions and the adjacent ODAs are visible. The locations of FIB milling areas are 
marked by dotted rectangles.  

Figs. 4b, e and h illustrate the TEM BF images recorded on the FIBed lamellae extracted from specimens 
S1, S2 and S3, respectively. These images show planes parallel to the loading direction to reveal the microstructure 
below the fracture surface in the ODA. The existence of ultrafine grain structures was clearly evident in all three 
specimens adjacent to respective crack initiation regions, which can be more clearly seen in magnified images 
(Figs. 4c, f and i). Clear ring-like SAED patterns recorded at the corresponding locations confirmed the presence 
of ultrafine-grained structures. Based on the analysis of SAED patterns at different depths of a particular FIB 
lamella from the fracture surface towards the interior, the thickness of the ultrafine grain layer in the ODA was 
measured. A clear variation of ultrafine-grained layer thickness was discerned between the S1, S2 and S3 
specimens: While the thicknesses in S1 and S2 specimens were estimated as ~300 and 900 nm, respectively, a 
relatively thicker layer (~1200 nm) was measured in specimen S3. This clearly demonstrates an increase in 
ultrafine-grained layer thickness with increasing number of cycles to failure. Moreover, microstructural 
inhomogeneities with different grain sizes and morphologies underneath the selected location (from surface 
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towards interior) was revealed. This ultrafine grain structure is highly inhomogeneous and consists of dislocations 
substructures (Figs. 4b, e and h). Furthermore, existence of dislocation cell structures and dense dislocation 
clusters was noticed in Fig. 4c. The dislocation cell structures were possibly generated within the lath martensite 
due to localized plastic deformation. As the deformation proceeded further with the accumulation of load cycles 
in the VHCF regime, these dislocation cells subdivided/fragmented the martensite laths by creating dense 
dislocation sub-boundaries/walls. As a result, the ultrafine sub-structures were formed with different sizes.  

Overall, in the VHCF regime at R = −1, the elucidation of fatigue crack initiation and propagation at 
internal defects (inclusions), analyzed on the basis of extensive TEM investigation comprising BF/DF imaging 
together with SAED patterns, distinctly revealed the microstructure refinement and ultrafine grain formation 
underneath the fracture surface in the ODA region. The formation of these ultrafine-grained layers is likely to 
have been caused by the cyclic compression of the crack surfaces during the fatigue process, as described by the 
NCP model suggested by Hong et al (2016). Under VHCF loading, the small cracks possibly originate first at the 
inclusion-matrix interface. The continuous cyclic interaction between the crack surfaces and the subjacent matrix 
leads to the formation of ultrafine grains. The significantly thicker ultrafine-grained layers in specimens S2 and 
S3 compared to specimen S1 is tentatively ascribed to the higher number of cycles to failure: The extent to which 
specimen S1 underwent grain refinement due to the repeated contact of the crack surfaces was appreciably lower.  
Further investigation is underway to establish the correlation between ultrafine-grained layer thickness in ODAs 
and number of cycles to failure at different R-ratios. 

 
 
Fig. 4: (a, d and g) Magnified SEM fractographs adjacent to the crack initiation sites of the specimens S1, S2 and 
S3, respectively, where the location of FIB milling areas for TEM sample are marked by dashed rectangles; (b, e 
and h) TEM bright field images of samples S1, S2 and S3, respectively, at the cross section/underneath the crack 
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substructures (Figs. 4b, e and h). Furthermore, existence of dislocation cell structures and dense dislocation 
clusters was noticed in Fig. 4c. The dislocation cell structures were possibly generated within the lath martensite 
due to localized plastic deformation. As the deformation proceeded further with the accumulation of load cycles 
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internal defects (inclusions), analyzed on the basis of extensive TEM investigation comprising BF/DF imaging 
together with SAED patterns, distinctly revealed the microstructure refinement and ultrafine grain formation 
underneath the fracture surface in the ODA region. The formation of these ultrafine-grained layers is likely to 
have been caused by the cyclic compression of the crack surfaces during the fatigue process, as described by the 
NCP model suggested by Hong et al (2016). Under VHCF loading, the small cracks possibly originate first at the 
inclusion-matrix interface. The continuous cyclic interaction between the crack surfaces and the subjacent matrix 
leads to the formation of ultrafine grains. The significantly thicker ultrafine-grained layers in specimens S2 and 
S3 compared to specimen S1 is tentatively ascribed to the higher number of cycles to failure: The extent to which 
specimen S1 underwent grain refinement due to the repeated contact of the crack surfaces was appreciably lower.  
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initiation region as marked in (a), (d) and (g); (c, f and i) Enlarged views of the selected locations as marked in 
(b), (e) and (h), respectively. Insets depict the SAED patterns at the corresponding locations. 
 
4. Conclusions 
Ultrasonic VHCF tests up to ~1010 cycles or failure, whichever earlier, were performed at R = −1 on a direct- 
quenched and partitioned ultrahigh-strength 0.4wt.% C steel. The following main results were obtained: 
 

(1) Fatigue cracks initiated at surface inclusions in the HCF regime (Nf < 2×107 cycles). On the other hand, 
the cracks originated at interior nonmetallic inclusions in the VHCF regime (between 7×107and 4×109 
cycles). The scatter of the S-N data was possibly due to different shapes and sizes of the crack-initiating 
inclusions.  

(2) The fracture surfaces of all VHCF failed specimens typically exhibited ODAs in the vicinity of the 
inclusions.  

(3) TEM investigation clearly revealed the formation of ultrafine grained structure underneath the fracture 
surface adjacent to crack initiation region (interior inclusions). The formation of these ultrafine-grained 
layers is presumably due to numerous repeated compression of the crack surfaces during VHCF loading. 
Localized plastic deformation caused the fragmentation of martensite laths and hence, the formation of 
ultrafine/nano-grained layers in the microstructures. 

(4) The thickness of the ultrafine-grained layer in the ODA increases with higher number of cycles to failure, 
N. 
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(3) TEM investigation clearly revealed the formation of ultrafine grained structure underneath the fracture 
surface adjacent to crack initiation region (interior inclusions). The formation of these ultrafine-grained 
layers is presumably due to numerous repeated compression of the crack surfaces during VHCF loading. 
Localized plastic deformation caused the fragmentation of martensite laths and hence, the formation of 
ultrafine/nano-grained layers in the microstructures. 

(4) The thickness of the ultrafine-grained layer in the ODA increases with higher number of cycles to failure, 
N. 
 

Acknowledgements 
The authors are grateful for the financial support provided by the Jane and Aatos Erkko Foundation of Finland 
and Academy of Finland (grant No. #311934). 
 
References  
 
Sakai T., 2009. Review and prospects for current studies on very high cycle fatigue of metallic materials for machine structural use. J Solid 

Mech Mater Eng. 3, 425‐439. https://doi.org/10.1299/jmmp.3.425. 
Akiniwa Y., Stanzl‐Tschegg S., Mayer H., Wakita M., Tanaka K., 2008. Fatigue strength of spring steel under axial and torsional loading in 

the very high cycle regime. Int J Fatigue. 30, 2057‐2063. https://doi.org/10.1016/j.ijfatigue.2008.07.004 
Nakajima M., Tokaji K., Itoga H., Shimizu T., 2010. Effect of loading condition on very high cycle fatigue behavior in a high strength steel. 

Int. J. Fatigue. 32, 475‐480. https://doi.org/10.1016/j.ijfatigue.2009.09.003 
Nie B., Zhang Z., Zhao Z., Zhong Q., 2013. Very high cycle fatigue behavior of shot‐peened 3Cr13 high strength spring steel. Mater Des. 50, 

503‐508. https://doi.org/10.1016/j.matdes.2013.03.039 
Ghosh S., Miettunen I., Somani M.C., Kömi J., Porter D., 2021. Nanolath martensite-austenite structures engineered through DQ&P processing 

for developing tough, ultrahigh strength steels, Mater. Today Proc. 46, 2131-2134. https://doi.org/10.1016/j.matpr.2021.02.344. 
Ghosh S., Kaikkonen P., Javaheri V., Kaijalainen A., Miettunen I., Somani M., Kömi J., Pallaspuro S., 2022. Design of tough, ductile direct 

quenched and partitioned advanced high-strength steel with tailored silicon content, J Mater Res Technol. 17, 1390-1407. 
https://doi.org/10.1016/j.jmrt.2022.01.073. 

Speer J., Matlock D.K., De Cooman B.C., Schroth J.G., 2003. Carbon partitioning into austenite after martensite transformation, Acta Mater. 
51, 2611-2622. https://doi.org/10.1016/S1359-6454(03)00059-4.  

Ghosh S., Rakha K., Reza S., Somani M., Kömi J., 2022. Atomic scale characterization of carbon partitioning and transition carbide 
precipitation in a medium carbon steel during quenching and partitioning process, Mater Today Proceed. 62, 7570-7573. 
https://doi.org/10.1016/j.matpr.2022.04.649. 

Miettunen I., Ghosh S., Somani M.C., Pallaspuro S., Kömi J., 2021. Competitive mechanisms occurring during quenching and partitioning of 
three silicon variants of 0.4 wt.% carbon steels, J Mater. Res. Technol. 11, 1045-1060. https://doi.org/10.1016/j.jmrt.2021.01.085. 

Miettunen I., Ghosh S., Somani M.C., Pallaspuro S., Porter D., Kömi J., 2021. Effect of Silicon Content on the Decomposition of Austenite 
in 0.4C Steel during Quenching and Partitioning Treatment. Mater Today Proced.1016,1361–1367. 
https://doi.org/10.4028/www.scientific.net/msf.1016.1361  

Mayer H., 2016. Recent developments in ultrasonic fatigue. Fatigue Fract Eng M 39, 3-29. https://doi.org/10.1111/ffe.12365. 
Schönbauer B.M., Ghosh S., Karr U., Pallaspuro S., Kömi J., Frondelius T., Mayer H., 2022. Mean-stress sensitivity of an ultrahigh-strength 

steel under uniaxial and torsional high and very high cycle fatigue loading. Fatigue Fract Eng Mater. 1-17. doi:10.1111/ffe.13767 
Schönbauer B.M., Ghosh S., Kömi J., Frondelius T., Mayer H., 2021. Influence of small defects and nonmetallic inclusions on the high and 

very high cycle fatigue strength of an ultrahigh-strength steel. Fatigue Fract Eng Mater. 44, 2990-3007. https://doi.org/10.1111/ffe.13534. 
Murakami Y., Nomoto T., Ueda T., Murakami Y., 2000. On the mechanism of fatigue failure in the superlong life regime (N>107 cycles). Part 

1: influence of hydrogen trapped by inclusions. Fatigue Fract Eng Mater. 23, 893–902. https://doi.org/10.1046/j.1460-2695.2000.00328.x 
Shiozawa K., Lu L., Ishihara S., 2001. S–N curve characteristics and subsurface crack initiation behaviour in ultra-long life fatigue of a high 

carbon-chromium bearing steel. Fatigue Fract Eng Mater. 24,781–90. https://doi.org/10.1046/j.1460-2695.2001.00459.x 
Sakai T., Takeda M., Tanaka N., Kanemitsu M., Oguma N., Shiozawa K., 2001. Characteristic S–N property of high carbon chromium bearing 

steel in ultrawide life region under rotating bending. A Hen/Transactions of the Japan Society of Mech Eng. 1805-1812.  
https://doi.org/10.1299/kikaia.67.1805 

Shiozawa K, Morii Y, Nishino S, Lu L, 2006. Subsurface crack initiation and propagation mechanism in high‐strength steel in a very high 
cycle fatigue regime. Int J Fatigue. 28, 1521-1532. https://doi.org/10.1016/j.ijfatigue.2005.08.015 

Ghosh et al.  / Structural Integrity Procedia  00 (2022) 000–000 

initiation region as marked in (a), (d) and (g); (c, f and i) Enlarged views of the selected locations as marked in 
(b), (e) and (h), respectively. Insets depict the SAED patterns at the corresponding locations. 
 
4. Conclusions 
Ultrasonic VHCF tests up to ~1010 cycles or failure, whichever earlier, were performed at R = −1 on a direct- 
quenched and partitioned ultrahigh-strength 0.4wt.% C steel. The following main results were obtained: 
 

(1) Fatigue cracks initiated at surface inclusions in the HCF regime (Nf < 2×107 cycles). On the other hand, 
the cracks originated at interior nonmetallic inclusions in the VHCF regime (between 7×107and 4×109 
cycles). The scatter of the S-N data was possibly due to different shapes and sizes of the crack-initiating 
inclusions.  

(2) The fracture surfaces of all VHCF failed specimens typically exhibited ODAs in the vicinity of the 
inclusions.  

(3) TEM investigation clearly revealed the formation of ultrafine grained structure underneath the fracture 
surface adjacent to crack initiation region (interior inclusions). The formation of these ultrafine-grained 
layers is presumably due to numerous repeated compression of the crack surfaces during VHCF loading. 
Localized plastic deformation caused the fragmentation of martensite laths and hence, the formation of 
ultrafine/nano-grained layers in the microstructures. 

(4) The thickness of the ultrafine-grained layer in the ODA increases with higher number of cycles to failure, 
N. 
 

Acknowledgements 
The authors are grateful for the financial support provided by the Jane and Aatos Erkko Foundation of Finland 
and Academy of Finland (grant No. #311934). 
 
References  
 
Sakai T., 2009. Review and prospects for current studies on very high cycle fatigue of metallic materials for machine structural use. J Solid 

Mech Mater Eng. 3, 425‐439. https://doi.org/10.1299/jmmp.3.425. 
Akiniwa Y., Stanzl‐Tschegg S., Mayer H., Wakita M., Tanaka K., 2008. Fatigue strength of spring steel under axial and torsional loading in 

the very high cycle regime. Int J Fatigue. 30, 2057‐2063. https://doi.org/10.1016/j.ijfatigue.2008.07.004 
Nakajima M., Tokaji K., Itoga H., Shimizu T., 2010. Effect of loading condition on very high cycle fatigue behavior in a high strength steel. 

Int. J. Fatigue. 32, 475‐480. https://doi.org/10.1016/j.ijfatigue.2009.09.003 
Nie B., Zhang Z., Zhao Z., Zhong Q., 2013. Very high cycle fatigue behavior of shot‐peened 3Cr13 high strength spring steel. Mater Des. 50, 

503‐508. https://doi.org/10.1016/j.matdes.2013.03.039 
Ghosh S., Miettunen I., Somani M.C., Kömi J., Porter D., 2021. Nanolath martensite-austenite structures engineered through DQ&P processing 

for developing tough, ultrahigh strength steels, Mater. Today Proc. 46, 2131-2134. https://doi.org/10.1016/j.matpr.2021.02.344. 
Ghosh S., Kaikkonen P., Javaheri V., Kaijalainen A., Miettunen I., Somani M., Kömi J., Pallaspuro S., 2022. Design of tough, ductile direct 

quenched and partitioned advanced high-strength steel with tailored silicon content, J Mater Res Technol. 17, 1390-1407. 
https://doi.org/10.1016/j.jmrt.2022.01.073. 

Speer J., Matlock D.K., De Cooman B.C., Schroth J.G., 2003. Carbon partitioning into austenite after martensite transformation, Acta Mater. 
51, 2611-2622. https://doi.org/10.1016/S1359-6454(03)00059-4.  

Ghosh S., Rakha K., Reza S., Somani M., Kömi J., 2022. Atomic scale characterization of carbon partitioning and transition carbide 
precipitation in a medium carbon steel during quenching and partitioning process, Mater Today Proceed. 62, 7570-7573. 
https://doi.org/10.1016/j.matpr.2022.04.649. 

Miettunen I., Ghosh S., Somani M.C., Pallaspuro S., Kömi J., 2021. Competitive mechanisms occurring during quenching and partitioning of 
three silicon variants of 0.4 wt.% carbon steels, J Mater. Res. Technol. 11, 1045-1060. https://doi.org/10.1016/j.jmrt.2021.01.085. 

Miettunen I., Ghosh S., Somani M.C., Pallaspuro S., Porter D., Kömi J., 2021. Effect of Silicon Content on the Decomposition of Austenite 
in 0.4C Steel during Quenching and Partitioning Treatment. Mater Today Proced.1016,1361–1367. 
https://doi.org/10.4028/www.scientific.net/msf.1016.1361  

Mayer H., 2016. Recent developments in ultrasonic fatigue. Fatigue Fract Eng M 39, 3-29. https://doi.org/10.1111/ffe.12365. 
Schönbauer B.M., Ghosh S., Karr U., Pallaspuro S., Kömi J., Frondelius T., Mayer H., 2022. Mean-stress sensitivity of an ultrahigh-strength 

steel under uniaxial and torsional high and very high cycle fatigue loading. Fatigue Fract Eng Mater. 1-17. doi:10.1111/ffe.13767 
Schönbauer B.M., Ghosh S., Kömi J., Frondelius T., Mayer H., 2021. Influence of small defects and nonmetallic inclusions on the high and 

very high cycle fatigue strength of an ultrahigh-strength steel. Fatigue Fract Eng Mater. 44, 2990-3007. https://doi.org/10.1111/ffe.13534. 
Murakami Y., Nomoto T., Ueda T., Murakami Y., 2000. On the mechanism of fatigue failure in the superlong life regime (N>107 cycles). Part 

1: influence of hydrogen trapped by inclusions. Fatigue Fract Eng Mater. 23, 893–902. https://doi.org/10.1046/j.1460-2695.2000.00328.x 
Shiozawa K., Lu L., Ishihara S., 2001. S–N curve characteristics and subsurface crack initiation behaviour in ultra-long life fatigue of a high 

carbon-chromium bearing steel. Fatigue Fract Eng Mater. 24,781–90. https://doi.org/10.1046/j.1460-2695.2001.00459.x 
Sakai T., Takeda M., Tanaka N., Kanemitsu M., Oguma N., Shiozawa K., 2001. Characteristic S–N property of high carbon chromium bearing 

steel in ultrawide life region under rotating bending. A Hen/Transactions of the Japan Society of Mech Eng. 1805-1812.  
https://doi.org/10.1299/kikaia.67.1805 

Shiozawa K, Morii Y, Nishino S, Lu L, 2006. Subsurface crack initiation and propagation mechanism in high‐strength steel in a very high 
cycle fatigue regime. Int J Fatigue. 28, 1521-1532. https://doi.org/10.1016/j.ijfatigue.2005.08.015 

Ghosh et al.  / Structural Integrity Procedia  00 (2022) 000–000 

initiation region as marked in (a), (d) and (g); (c, f and i) Enlarged views of the selected locations as marked in 
(b), (e) and (h), respectively. Insets depict the SAED patterns at the corresponding locations. 
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the cracks originated at interior nonmetallic inclusions in the VHCF regime (between 7×107and 4×109 
cycles). The scatter of the S-N data was possibly due to different shapes and sizes of the crack-initiating 
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(2) The fracture surfaces of all VHCF failed specimens typically exhibited ODAs in the vicinity of the 
inclusions.  

(3) TEM investigation clearly revealed the formation of ultrafine grained structure underneath the fracture 
surface adjacent to crack initiation region (interior inclusions). The formation of these ultrafine-grained 
layers is presumably due to numerous repeated compression of the crack surfaces during VHCF loading. 
Localized plastic deformation caused the fragmentation of martensite laths and hence, the formation of 
ultrafine/nano-grained layers in the microstructures. 
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towards interior) was revealed. This ultrafine grain structure is highly inhomogeneous and consists of dislocations 
substructures (Figs. 4b, e and h). Furthermore, existence of dislocation cell structures and dense dislocation 
clusters was noticed in Fig. 4c. The dislocation cell structures were possibly generated within the lath martensite 
due to localized plastic deformation. As the deformation proceeded further with the accumulation of load cycles 
in the VHCF regime, these dislocation cells subdivided/fragmented the martensite laths by creating dense 
dislocation sub-boundaries/walls. As a result, the ultrafine sub-structures were formed with different sizes.  

Overall, in the VHCF regime at R = −1, the elucidation of fatigue crack initiation and propagation at 
internal defects (inclusions), analyzed on the basis of extensive TEM investigation comprising BF/DF imaging 
together with SAED patterns, distinctly revealed the microstructure refinement and ultrafine grain formation 
underneath the fracture surface in the ODA region. The formation of these ultrafine-grained layers is likely to 
have been caused by the cyclic compression of the crack surfaces during the fatigue process, as described by the 
NCP model suggested by Hong et al (2016). Under VHCF loading, the small cracks possibly originate first at the 
inclusion-matrix interface. The continuous cyclic interaction between the crack surfaces and the subjacent matrix 
leads to the formation of ultrafine grains. The significantly thicker ultrafine-grained layers in specimens S2 and 
S3 compared to specimen S1 is tentatively ascribed to the higher number of cycles to failure: The extent to which 
specimen S1 underwent grain refinement due to the repeated contact of the crack surfaces was appreciably lower.  
Further investigation is underway to establish the correlation between ultrafine-grained layer thickness in ODAs 
and number of cycles to failure at different R-ratios. 

 
 
Fig. 4: (a, d and g) Magnified SEM fractographs adjacent to the crack initiation sites of the specimens S1, S2 and 
S3, respectively, where the location of FIB milling areas for TEM sample are marked by dashed rectangles; (b, e 
and h) TEM bright field images of samples S1, S2 and S3, respectively, at the cross section/underneath the crack 
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substructures (Figs. 4b, e and h). Furthermore, existence of dislocation cell structures and dense dislocation 
clusters was noticed in Fig. 4c. The dislocation cell structures were possibly generated within the lath martensite 
due to localized plastic deformation. As the deformation proceeded further with the accumulation of load cycles 
in the VHCF regime, these dislocation cells subdivided/fragmented the martensite laths by creating dense 
dislocation sub-boundaries/walls. As a result, the ultrafine sub-structures were formed with different sizes.  

Overall, in the VHCF regime at R = −1, the elucidation of fatigue crack initiation and propagation at 
internal defects (inclusions), analyzed on the basis of extensive TEM investigation comprising BF/DF imaging 
together with SAED patterns, distinctly revealed the microstructure refinement and ultrafine grain formation 
underneath the fracture surface in the ODA region. The formation of these ultrafine-grained layers is likely to 
have been caused by the cyclic compression of the crack surfaces during the fatigue process, as described by the 
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initiation region as marked in (a), (d) and (g); (c, f and i) Enlarged views of the selected locations as marked in 
(b), (e) and (h), respectively. Insets depict the SAED patterns at the corresponding locations. 
 
4. Conclusions 
Ultrasonic VHCF tests up to ~1010 cycles or failure, whichever earlier, were performed at R = −1 on a direct- 
quenched and partitioned ultrahigh-strength 0.4wt.% C steel. The following main results were obtained: 
 

(1) Fatigue cracks initiated at surface inclusions in the HCF regime (Nf < 2×107 cycles). On the other hand, 
the cracks originated at interior nonmetallic inclusions in the VHCF regime (between 7×107and 4×109 
cycles). The scatter of the S-N data was possibly due to different shapes and sizes of the crack-initiating 
inclusions.  

(2) The fracture surfaces of all VHCF failed specimens typically exhibited ODAs in the vicinity of the 
inclusions.  

(3) TEM investigation clearly revealed the formation of ultrafine grained structure underneath the fracture 
surface adjacent to crack initiation region (interior inclusions). The formation of these ultrafine-grained 
layers is presumably due to numerous repeated compression of the crack surfaces during VHCF loading. 
Localized plastic deformation caused the fragmentation of martensite laths and hence, the formation of 
ultrafine/nano-grained layers in the microstructures. 

(4) The thickness of the ultrafine-grained layer in the ODA increases with higher number of cycles to failure, 
N. 
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