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Abstract
While surface failure is one of the dominant mechanisms for components exposed to fatigue loading in the low- and high-
cycle fatigue regimes, the very-high-cycle fatigue regime is dominated by subsurface crack initiation, with crack nucleation
occurring within the material interior. This subsurface failure is often characterized by a local grain refinement, forming a
nano-grained layer in the vicinity of a stress concentrator. These regions are referred to as fine granular areas (FGAs), and it
has been shown that their formation is responsible for the majority of fatigue life. The objective of this review is to sum-
marize the current understanding of FGA formation. Several parameters influencing the proposed formation mechanisms
are identified and discussed. Furthermore, morphological and mechanistic resemblances to white etching cracks (WECs)
are pointed out. Finally, key challenges and opportunities for future research on FGAs are discussed.
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Introduction
A comprehensive understanding of fatigue behavior of bear-
ing steels is essential for the design and construction of
safety-relevant components, as these materials are typically
exposed to cyclic loading.1 Such highly stressed components
are present in many industrial sectors, including transporta-
tion, energy and construction.2 They are frequently subjected
to low stress amplitudes for extended periods of time and, in
most cases surpass 107 cycles, placing them within the trad-
itional fatigue limit regime.3 However, since the late 1990s, it
has been well established that material failure can also occur
at stress levels significantly below a conventionally defined
fatigue limit.4 This condition, referred to as Very High
Cycle Fatigue (VHCF), must therefore be considered in the
design of bearing components to prevent premature failures
with potentially catastrophic consequences like danger to
human life.3,5 Premature bearing failure, e.g., in wind tur-
bines, also represent a major problem from a sustainable per-
spective. Replacement of failed bearings in such large-scale
systems is an extremely resource- and time-intensive pro-
cess, related to unexpected downtime, labor-intensive main-
tenance and increased carbon emissions.6,7 Moreover, the
downtime challenges the sustainability goals of the green
transition due to the reduced energy output.

As opposed to a lower number of cycles to failure, where
the crack initiates at the component surface, cracks in the
VHCF regime typically originate from subsurface defects,
such as pores and non-metallic inclusions (NMIs). This phe-
nomenon was first systematically documented in the late
1990s, primarily through pioneering work by renowned

research groups from Japan.8–12 It was found that this dam-
age mechanism is accompanied by a microstructural alter-
ation, resulting in a fine granular area (FGA) in the
immediate vicinity of the defect.12 Various mechanisms
have been proposed for the FGA formation, the crack initi-
ation from subsurface defects and the subsequent crack
propagation.9,13–17 According to the investigations, a range
of influencing factors, including inclusion characteristics,
mechanical loading parameters as well as environmental con-
ditions, play crucial roles in the evolution of FGAs. A thor-
ough understanding of these factors is essential in order to
make adequate service life predictions and to enable the
design of components with reduced risk of premature failure.

This review presents the postulated mechanisms and
discusses various parameters affecting the FGA formation
and subsurface crack initiation. To establish the necessary
background, the review first outlines historical overview
of fatigue testing and the characteristics of VHCF.
Furthermore, potential research gaps are identified, as
this damage mechanism has not yet been conclusively
clarified.
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VHCF and fracture behaviors
Definition of VHCF. August Wöhler, one of the pioneers in the
field of fatigue testing of metallic samples and components,
was the first to systematically investigate fatigue properties
in 1870.18 He discovered that material failure under cyclic
loading can occur even if the applied stress is significantly
below the tensile strength. The graphical representation of
the test results for samples of the same material and geometry
is known as the Wöhler curve (S-N curve; S: Stress ampli-
tude, N: Number of cycles to failure). Depending on the
applied stress and the corresponding fatigue life, it can typic-
ally be divided into three distinct regions: LCF, HCF and
VHCF.

The regime of high stress amplitudes and low numbers of
cycles to failure, up to approx. 104 cycles, is known as
Low-Cycle Fatigue (LCF),19 where the accumulation of plas-
tic strain leads to rapid failure of the material. This relation-
ship is described mathematically by the Coffin-Manson
equation.20 For the range between approx. 104 and 106 or
107 cycles, Basquin demonstrated that there is an exponential
relationship between the stress amplitude and the fatigue life,
which can be approximated by a straight line in double-
logarithmic scale.21 Beyond this range, which is referred to
as High-Cycle Fatigue (HCF),20 only little experimental
data was available for a long period of time due to the long
test durations. Depending on the alloy condition, a distinc-
tion between two types of material behavior was made.22

For body-centered cubic (bcc) materials in particular, it
was assumed that a defined fatigue limit exists, resulting in
a horizontal asymptote in the S-N curve (type I). In contrast,
the S-N curve for face-centered cubic (fcc) and hexagonal
close-packed (hcp) materials tended to decline further with
a reduced slope (type II).

In the late 1970s, the first fatigue tests of metallic samples
in regions of much higher load cycles became feasible due to
technological advancements and the use of high-frequency
testing machines. Concepts of new types of ultrasonic fatigue
testing machines operating at a frequency of 20 kHz were pub-
lished, enabling fatigue tests up to 1010 load cycles with rela-
tively short test durations.23,24 By exploring this new load
cycle regime, it was possible to reveal that, contrary to the con-
ventional assumptions of a defined fatigue limit, the regime of
Very-High-Cycle Fatigue (VHCF) exists and that material
failure can occur even beyond 109 cycles.25 There is no uni-
form terminology for this fatigue range in the literature, so
that other terms such as gigacycle fatigue,9 ultrahigh-cycle
fatigue26 or ultra-long life fatigue27 can also be found.

Fracture behavior and fracture surface morphology in
VHCF
Generally, the fracture behavior of metallic materials under
fatigue loading can be divided into two cases: surface or sub-
surface crack initiation. The LCF regime is characterized by
cracks initiating at the surface and propagating through the
interior. In contrast, subsurface crack initiation is mainly
found in the VHCF regime. To some extent, subsurface crack
initiation can also occur in the HCF regime for materials of
higher defect density, like high pore volume due to keyholes
or lack of fusion in additive manufacturing processes.28,29

Murakami et al.9 and Nishijima et al.10 proposed two
schematic S-N-curves enhanced for the VHCF regime in
1999. Deviating from earlier assumptions, both show that
internal failure occurs in VHCF regime below the conven-
tional fatigue limit. However, according to Mughrabi,26 the
type of failure is not only dependent on the number of load-
ing cycles, but also on the intrinsic material properties, hence
he classifies into two distinctive types of materials. His con-
siderations assume that surface crack initiation in the VHCF
is only found in ductile, defect-free materials (type I) while
subsurface failure is exclusive to materials with internal
defects (type II).

A parameter to describe the crack propagation for both
surface and subsurface crack initiation is the cyclic stress
intensity factor (SIF) from linear elastic fracture mechanics
(LEFM). It quantifies the stress concentration within the plas-
tic zone in front of the crack tip.30 For its calculation, Irwin.31

introduced an approach, that was later applied in a simplified
way to fatigue failure of high strength steels with internal
failure by Murakami et al.32,33 Considering the stress range
Δσ and the projected cross-sectional area

�����
area

√
of a crack-

initiating defect perpendicular to the direction of loading,
equation 2.1 is obtained. When exceeding the threshold value
for cyclic crack propagation ΔKth (4–6 MPa·m1/2 for high-
strength steels8), growth of long fatigue cracks becomes feas-
ible.

ΔK = 0.5 · Δσ
���������
π

�����
area

√√
(2.1)

Subsurface crack initiation results in a characteristic fracture
surface morphology that differs significantly from surface crack
initiation. Within the fracture surface, a unique feature can be
observed which is called “fish-eye” due to its visual appear-
ance, see Figure 1 a). Decisive parameters and regions of the
fish-eye are shown in Figure 1 b). The crack-initiating defect,
often an NMI, is located at the center with the crack initiation
depth dNMI as its distance to the sample surface. A rough, fine
granular area (FGA) forms in the immediate vicinity, which
will be examined in detail in the subsequent chapter. In con-
trast, the outer region of the fish-eye is typically smooth or
marked by radial ridges. As this phenomenon occurs preferen-
tially in high strength materials, the final fracture surface is usu-
ally characterized by ductile rupture.

Fine granular area

Characteristics of FGA
As mentioned in the previous chapter, an FGA occurs at a
subsurface level and can be observed post mortem in the frac-
ture surface around the internal defect. Sakai et al. investi-
gated the area in a scanning electron microscope (SEM),
and the area appeared to have a fine granular morphology,
hence the designation “fine granular area” (FGA).12

Murakami et al. named it “optically dark area” (ODA), as
it appeared as a dark area through the bright-field of a light
optical microscope (LOM).9,35 Other designations are
“granular bright facet” (GBF) by Shiozawa et al.,8 and
“rough surface area” (RSA) by Ochi et al..11

The FGA plays a crucial role in the failure of metallic
materials with subsurface crack origin. Murakami et al. stated
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that an increase of the FGA size is associated with an
increase of the fatigue life.35 Investigations by Shiozawa
et al. supported this suggestion, as it was shown that a
decrease of stress amplitude - and thus extended fatigue
life - is accompanied by an increasing FGA size.27 For fur-
ther insight into the fracture mechanics, the SIFs both of
the NMIs ΔKNMI and the surrounding FGAs (including the
inclusion) ΔKFGA were calculated by adjusting Murakami’s
equation in 2.1. Assuming the compression part of the load-
ing cycle is negligible for crack propagation, the stress range
Δσ was substituted by the stress amplitude σa, see equations
3.1 and 3.2. Recently, a software was introduced which
enables the automatic calculation of ΔKFGA.

36 By reading
in an optical micrograph of a fracture surface, advanced
image processing algorithms integrated with a deep learning
framework calculate objective and reliable values, which can
be an efficient alternative to manual measurement.

ΔKNMI = 0.5 · σa
�������������
π

���������
areaNMI

√√
(3.1)

ΔKFGA = 0.5 · σa
�������������
π

���������
areaFGA
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(3.2)

Equations 3.1 and 3.2 have been proven useful to confirm
the significance of the FGA in the VHCF regime regarding
the crack propagation. It was found that the SIF at the front
of the FGA corresponds to the threshold value ΔKth for stable
crack growth12,27 according to Paris’ law.37 Consequently,
the crack growth rate within the FGA happens to be much
slower. Hong et al. showed that the crack initiation phase
due to the FGA formation accounted for over 95% of the total
fatigue life by using Paris equation.34 By monitoring subsur-
face cracks in β type Ti-22V-4Al alloy with micro- and nano-
scale synchrotron radiation X-ray computed tomography
(SR-CT), recent studies by Nakamura and Xue et al.38,39

have also confirmed that the crack initiation and FGA forma-
tion occupy more than 95% of the total fatigue life.

wOver the last decades, several analytical techniques have
been conducted to observe the fine granular area and its sur-
roundings in high-strength steels and titanium alloys. Next to
the techniques already mentioned, investigations have been
done using SEM extended with electron backscatter diffraction
(EBSD),40,41 and transmission Kikuchi diffraction (TKD),42

transmission electron microscopy (TEM) with selected area

diffraction (SAD)43,44 and atom probe tomography
(APT).45,46 Samples are frequently prepared by employing a
focused ion beam (FIB) integrated in an SEM.47,48

Microstructural changes and grain refinement within the
FGA were observed after VHCF loading in high-strength
materials.15 However, as the FGA is a subsurface phenom-
enon, its formation and the associated crack evolution remain
unresolved. Several mechanisms have been postulated, as
outlined below.

Postulated mechanisms of FGA formation
Hydrogen embrittlement. Murakami et al. were the first to
postulate a mechanism for the FGA formation and crack ini-
tiation inside the fish-eyes.9 Their investigations of 34CrMo4
and 100Cr6 steels with martensitic microstructure (core hard-
ness values of 500–600 HV) have led to the assumption that
the FGA formation is related to hydrogen embrittle-
ment.9,35,49–51 It is known that hydrogen tends to get trapped
at the interface between inclusion and matrix in heat-treated
high-strength steels.52,53 Residual tensile stress, due to a
stronger thermal expansion coefficient of the matrix in con-
trast to the inclusion, superimposed by the applied cyclic
stress were also considered to have a detrimental effect on
the crack initiation. Under these synergistic conditions, the
trapped hydrogen was assumed to enable the initiation of
short cracks producing the rough surface around the inclu-
sion, as seen in Figure 2.9 After reaching a critical threshold
value, long crack propagation without the assistance of
hydrogen was induced.

By comparing specimens with varying hydrogen contents,
Murakami and Nagata have shown that both the fatigue
strength and fatigue limit decrease significantly with increas-
ing hydrogen content.54 Furthermore, in about 70% of hydro-
gen charged specimens the crack initiating inclusions
(aluminum oxides) have been found to be split. Thus, hydro-
gen was also presumed to be involved in the destruction of
inclusions.54 It is worth noting that an FGA was rarely
observed in fracture surfaces of specimens failing in a regime
below 106 cycles with subsurface crack origin. This empha-
sizes that not only the trapped hydrogen, but also the
repeated cyclic stress in the VHCF regime is responsible
for the FGA formation.54

Figure 1. a) Optical micrograph of fish-eye formation in 42CrMo4 steel (fish-eye surrounded by dashed line), b) schematic image of a
fish-eye and its parameters. Adapted from.8,34
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Dispersive decohesion of spherical carbides. Shiozawa et al.
proposed a formation mechanism related to the decohesion
of carbides.8,14,27 In quenched and tempered steels, iron-
carbides are distributed in the matrix due to the heat treat-
ment process.22,55 Depending on the tempering temperature,
the size and volume fraction of the carbides may vary, influ-
encing the resulting hardness values of the material.
According to Shiozawa et al., these carbides also play a cru-
cial role in the initiation and propagation of internal cracks.14

Based on investigations of 100Cr6 bearing steel (hardness
values of 750 HV± 13.4 HV) by SEM, scanning probe
microscopy (SPM) and electron probe microanalysis
(EPMA), it was observed that the rough surface within the
FGA was due to the decohesion of spherical carbides from
the surrounding matrix.

Steps of the proposed mechanism are illustrated in
Figure 3.14 By losing coherence, multiple micro-cracks initi-
ate at the interfaces between carbides and matrix in the vicin-
ity of an NMI (a). Repeating loading cycles then lead to
growth and coalescence of the propagating micro-cracks
(b). After slowly generating the roughness, the FGA reaches
a critical size that enables stable crack propagation regardless
of the microstructure, producing the typical fish-eye pattern
(c). The surface of the FGA is characterized by remaining
carbides or holes, thus its roughness is similar to the size
of a spherical carbide (d).

Adhesion and cold-welding. In contrast to the majority of postu-
lated mechanisms, the mechanism proposed by Oguma and

Nakamura16 is not based on experimental research on high-
strength steels. Rather than that, the fatigue behavior of duplex
(α+β) Ti6Al4 V alloy (hardness value of 316 HV) was inves-
tigated by testing compact tension specimens under air and
under several different vacuum conditions. For samples tested
in high and ultra-high vacuum, granular regions were observed
on the fracture surfaces. However, no granular features were
confirmed for equal experiments under air or medium vacuum
atmosphere. Furthermore, the crack propagation rate was found
to decrease with decreasing vacuum pressure. As illustrated in
Figure 4,16 the direct metal-metal contact of crack flanks was
assumed to cause a local grain refinement and cold-welding
of the crack surfaces during unloading. The path in which the
crack propagates in a following loading cycle could differ
from the previous one, resulting in fine asperities and roughness
on the crack surface.

Furthermore, the mechanism was enhanced by further
compression-compression fatigue tests in vacuum.56

Specimens that consisted of two equal pieces with rounded
surfaces touching each other were examined after reaching
108 loading cycles. Investigations by SEM, EBSD, TEM
and SAD revealed that grain refinement was taking place
just beneath the contact surfaces. This indicated that the
high number of loading cycles was responsible for the nucle-
ation of dislocations cells and a resulting dynamic recrystal-
lization. Transferring this behavior to subsurface failure in
previous experiments, it was assumed that the FGA forma-
tion is due to alternating grain refinement and adhesion of
the contact surfaces.

Figure 2. Mechanism schematic by Murakami et al.9: Hydrogen embrittlement coupled with cyclic stress. Reprinted with permission
from.9

Figure 3. Mechanism schematic by Shiozawa et al.14: Dispersive decohesion of spherical carbides. Reprinted with permission from.14
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Polygonization. Concluding from investigations of 100Cr6
bearing steel (hardness values of 750–795 HV), the polygo-
nization mechanism was introduced by Sakai et al..13 In early
studies,12 the different regions of fracture surfaces with
internal failure and their corresponding fatigue behavior
were classified. Successively, an FGA formed around the
inclusion, before cracks propagated stably in the fish-eye
region. The remaining fracture surface was assumed to be
connected to unstable crack propagation.

The mechanism was specified by conducting scanning ion
microscopy (SIM) and SAD of a longitudinal section of the
FGA, prepared by FIB.13 By intensive polygonization around
the inclusion due to repeated cyclic loading, a fine granular
layer with a thickness of approx. 400 nm happens to form in
the first place (a). As a next step, micro-debondings nucleate
along the top and bottom boundaries between the fine granular
layer and the matrix (b) that eventually coalesce together (c).
The adjunction of all the micro-debondings results in a penny-
shaped crack and the completion of the rough FGA (d). As the
SIF at the front of the FGA ΔKFGA corresponds to the threshold
value of stable crack propagation, the aforementioned process
was interpreted as the crack initiation phase.13

Grain refinement due to dislocations cells. The mechanism pro-
posed by Grad et al.15 resembles the polygonization model
by Sakai et al.,13 as it is also based on the formation of dis-
location cells. The authors questioned if the FGA reaches its
final size before cracks start to initiate, or if another chrono-
logical sequence should be taken into account. Investigations
of fracture surfaces of 100Cr6 bearing steel (hardness value
of 780 HV) by SEM revealed that internal failure occurred
regardless of the formation of FGAs. For inclusions with
SIFs above the threshold value ΔKth, FGAs were not present
inside the fish-eyes. Contrary to that, inclusions with lower
SIFs were surrounded by FGAs and associated to signifi-
cantly longer fatigue-life. Cross-sectional samples produced
by FIB were analyzed by SIM and TEM with SAD, confirm-
ing a local grain refinement around the inclusion.

Figure 5 shows the postulated mechanism,15 which is
explained by changes of the present SIF. As the SIF of the inclu-
sion surpasses the local threshold value, dislocation cells are
formed that eventually result in grain refinement in the immedi-
ate vicinityof the inclusion (b).Crack initiationbecomes feasible
by a decreased local threshold value due to the grain refinement
(c). Large stress concentrations at the crack tip lead to alternating
grain refinement (d) and crack propagation (e), until the SIF of

the FGA reaches the global threshold value, enabling stable
crack growth and the fish-eye formation (f).

Numerous cyclic pressing. Hong et al.17 investigated two high-
strength steels without standardized designations, however,
their chemical compositions closely resemble that of
100Cr6 (hardness values of 753 HV and 760 HV respect-
ively). Samples cut by FIB from regions around crack initi-
ating inclusions were examined by TEM with SAD,
confirming the formation of a layer of nanograins on both
sides of the fracture surfaces. By experiments under variable
stress ratios, it was pointed out that FGA formation only
occurred when compressive loading is involved. Based on
these results, the mechanism Numerous Cyclic Pressing
(NCP) due to repeated crack closure was postulated, as illu-
strated in Figure 6.17

Originating from an inclusion, a fatigue crack initiates due
to the cumulative plastic deformation between the inclusion
and the matrix caused by cyclic loading (a). The resulting
crack wake is then exposed to repeated pressing related to
crack closure and the relaxation of residual stress, leading
to local grain refinement (b). A nanograin layer is formed
due to the interactions between the propagating crack and
cyclic pressing of crack surfaces (c). After the FGA reaches
a critical size, the transition from slow crack propagation to
stable crack growth is marked (d). According to Hong
et al.,17 FGA formation might be considered as a case of
severe plastic deformation (SPD), as grain refinement due
to applied mechanical load is a characteristic of SPD.57

Overview of the postulated mechanisms. An overview of the
postulated mechanisms is shown in Table 1, including infor-
mation on the materials under investigation and their hard-
ness values.

Influencing parameters of FGA formation
Influence of inclusions. As NMIs were involved as local stress
concentrators in most of the proposed mechanisms, it is
assumed they play a crucial role in the VHCF and in subsur-
face failure in general. In a review from 2012, it was pointed
out that the size, shape, quantity, distribution and compos-
ition of NMIs must be taken into consideration regarding
the fatigue life in VHCF regime.58 However, a direct influ-
ence on FGA formation was not mentioned. Later that
year, a research group around Hong (NCP model) revealed
observations on two high carbon chromium steels, one

Figure 4. Mechanism schematic by Oguma and Nakamura16: adhesion and cold-welding. Reprinted with permission from.16
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with small (10–30 µm) and one with large inclusions (20–
60 µm).59 It was shown that the occurrence of an FGA for
both uniaxial loading and rotating bending strongly
depended on ΔKNMI calculated by equation 3.1. FGA forma-
tion became feasible, if the value of ΔKNMI was below the
threshold value for stable crack propagation ΔKth. In other
words, for large inclusions, FGA formation only occurred
in the case of relatively low applied stress amplitudes.
Similar results were found for bearing steel 100Cr6.60,61

Additionally, the inclusion depth dNMI (with respect to the
specimen surface) seemed to be an important factor, as an
increase in inclusion depth corresponded to a longer fatigue
life.

Next to the varying sizes, the chemical composition of the
inclusions defines other characteristics like their shape, ther-
mal expansion coefficients, elastic properties and adhesion to

the surrounding matrix.62–66 Fracture surfaces with
inclusion-induced internal failure of 100Cr6 were investi-
gated in SEM by Spriesterbach and Grad with special focus
on the inclusion type.67,68 By energy dispersive X-ray spec-
troscopy (EDX), inclusions were detected to be TiN, CaO,
AlCaO and in rare cases MgO type inclusions with respect
to the chemical components involved. Measuring their areas
showed that the size distribution was much wider for AlCaO
and MgO than for CaO and TiN inclusions. These differ-
ences also reflect in the values for ΔKNMI, calculated to be
in ranges of 3.3–3.68 MPa m1/2, 3.29–3.4 MPa m1/2, 2.4–
2.9 MPa m1/2 and 2.09–2.2 MPa m1/2, respectively. AlCaO,
MgO and some CaO inclusions are known to be heteroge-
neous, as their chemical components are not evenly distribu-
ted. This results in spherical shapes with insufficient bonding
properties to the matrix, leading to detachment or decay of

Figure 5. Mechanism schematic by Grad et al.15: Grain refinement due to dislocation cells. Reprinted with permission from15; compiled
by the author.

Figure 6. Mechanism schematic by Hong et al.17: Numerous Cyclic Pressing (NCP). Reprinted with permission from17; compiled by the
author.
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the inclusions during fatigue loading. Contrary to this, TiN
inclusions are homogeneous with even chemical distribution,
a sharp-edged cubic morphology and strong coherence to the
matrix. They exhibit totally different fracture mechanics,
with crack initiation starting in their brittle interior due to
the low SIF, leading to an infinite sharp crack able to grow
in the matrix.

A direct influence on FGA formation can be seen by com-
parison of the FGA size relative to the inclusion: Figure 767

shows the ratios of mean diameters of FGAs and correspond-
ing inclusions in relation to fatigue life. Considering the same
numbers of cycles to failure, TiN inclusions result in larger
FGA size compared to AlCaO and CaO.

Influence of load type and loading frequency. Investigations
with the scope of comparing the VHCF behavior of
100Cr6 under axial tension-compression loading (AL) and
rotating bending (RB) have already been done in the early
2000’s.12,69 It was shown that fatigue strength was signifi-
cantly higher for RB than for AL under the same material
condition. Furthermore, inclusion depth had higher values
for AL than for RB in the case of subsurface failure.
However, no focus was placed on the direct impact of load
type on FGA characteristics.

In later observations, itwasdemonstrated thatFGAsize isdir-
ectly affected by the applied load type.60,61 Regardless of the
type, values of ΔKFGA were in a range between 4–6 MPa·m1/2,
which is in good relation to the threshold value for stable crack
propagation inhigh-strength steels as alreadymentioned inchap-
ter 3.1.However, correspondingFGAsizesweremuch larger for

AL than for RB, as illustrated in Figure 8.60,61 Similar results
were obtained for values of ΔKNMI and inclusion size, which
can be explained by different controlling volumes for AL and
RB. Considering the same diameter in the specimen’s gauge
length for both loading types, the highly-stressed volume is
reduced to an outer ring for RB due to the stress gradient within
the cross-section.70 This leads to a lower probability for the
occurrence of critical inclusions in the controlling volume.

Potential influence of the loading frequency under AL on
the VHCF behavior was investigated by Krupp and Giertler
for two different steels in two hardness values each.48,71,72

By comparing resonance fatigue with f= 95 Hz and ultra-
sonic fatigue with f= 20 kHz, it was shown that specimens
exposed to the higher frequency exhibited higher fatigue
strength. It was pointed out that this is primarily attributed
to the increased strain rate under ultrasonic loading. At this
frequency, a higher applied purely mechanical stress was
required to overcome the Peierls stress, mandatory to activate
screw dislocation movement.71 To the best knowledge of the
authors, no direct influence of loading frequency on FGA
formation has been reported to date.

Influence of mean stress value and stress ratio. The depend-
ence of the FGA formation on stress ratio was already men-
tioned in chapter 3.2.6 (NCP model).17 To confirm the
validity of the mechanism, ultrasonic axial fatigue tests
were examined with stress ratios of R= -1, −0.5, 0.1 and
0.3, respectively, by the superposition of conventional ten-
sion loading to reach positive mean stress values and increas-
ing stress ratios. By investigating fracture surfaces with
internal failure by SEM, TEM and SAD it was shown that
FGA occurred regularly for negative stress ratios. While sub-
surface failure was still dominant for R= 0.1, fatigue tests
with R= 0.3 were mostly accompanied by surface induced
failure. For both cases, the shift to positive stress ratios pre-
vented FGA formation.

Conducting comparable fatigue tests with stress ratios of
R= -1, −0.5, 0.1 and 0.5, Ritz and Beck found similar results
for stainless steel X10CrNiMoV12-2-2.73,74 For R= -1 and
R= -0.5, FGA formation was clearly visible on fracture sur-
faces. However, the increased mean stress led to a reduced
thickness of the refined layer. In the case of R= 0.1, FGA for-
mation could partially be observed, while no FGA was found
for the highest stress ratio of R= 0.5.

Influence of environmental conditions. To investigate the influ-
ence of hydrogen on FGA formation, Li et al. examined several

Table 1. Overview of the postulated mechanisms.

Mechanism Authors Alloys
Hardness,
HV

Hydrogen
embrittlement

Murakami et al.9 34CrMo4,
100Cr6

500–600

Dispersive decohesion
of spherical carbides

Shiozawa et al.14 100Cr6 750

Adhesion and
cold-welding

Oguma,
Nakamura16,56

Duplex (α+β)
Ti6Al4V

316

Polygonization Sakai et al.13 100Cr6 750–795
Grain refinement due to

dislocation cells
Grad et al.15 100Cr6 780

Numerous Cyclic
Pressing

Hong et al.17 Two Steels
Similar To
100Cr6

753, 760

Figure 7. Ratio between FGA and inclusion diameter as a
function of the number of cycles to failure. Adapted from.67

Figure 8. Relationship between ΔKFGA and
���������
areaFGA

√
under AL

and RB. Adapted from.60,61
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different high-strength steels in multiple hydrogen pre-charging
conditions.75 In all cases, an increase in hydrogen content
reduced the material’s fatigue strength significantly. By calcu-
lating values of ΔKFGA, a decrease of ΔKFGAwas found for pre-
charged specimens. It was assumed that internal cracks could
therefore propagate under lower stress amplitudes, as ΔKFGA

represents the threshold value for stable crack growth. Except
for specimens that were charged by soaking instead of cathodic
or high-pressure thermal charging, a tendency of increasing
FGA size with increasing hydrogen content was also observed.
A reduction of ΔKFGA due to hydrogen charging is in good cor-
relation with results by Karsch et al.76 and Yu et al..77

However, the tendency of increasing FGA size as a result of
increasing hydrogen content is contrary to observations by
Yu et al.,76 as an obvious decrease of FGA size for charged spe-
cimens and an accelerated crack growth inside the FGA com-
pared to the uncharged condition was found.

An influence of vacuum atmosphere on FGA formation
was already presented in chapter 3.2.3 (adhesion and cold-
welding mechanism).16,56 By conducting compression-
compression fatigue tests of two separated rounded samples
under vacuum, it was shown that FGA formation can be
simulated at specimen surfaces. Spriestersbach et al. per-
formed similar experiments under vacuum to investigate
FGA formation in 100Cr6 at artificial surface defects induced
by FIB milling in the form of V-notches.78 To correlate their
results with LEFM, SIFs were calculated by considering the
size of the defect and the FGA size including the defect size,
respectively. As values of ΔKFGA correspond well to the
threshold value for stable crack propagation,12,27 defects
with SIFs larger than 4 MPa·m1/2 were not surrounded by
FGA. All calculated values were in good correlation to
internal failure. However, conducting equal experiments in
air, no grain refinement was observed around the artificial
defect.

Further investigations on artificial defects were conducted
by Giertler and Krupp, who integrated an ultrasonic testing
device in a SEM.71 This enabled in situ monitoring of
the area of interest. Figure 9 a)71 shows the notch induced
by FIB milling and two crack tips after 108 loading cycles.
The left crack tip in Figure 9 a) with pronounced
extrusions was then cut by FIB milling to investigate its
cross-section. As can be seen in Figure 9 b) highlighted by
the arrows, a nano-grained layer evolved at both sides of
the crack flanks.

Discussions
After several factors have been presented, certain require-
ments are summarized for the formation of fine granular
areas (FGAs) during axial loading (AL) or rotating bending
(RB) in the very-high-cycle fatigue (VHCF) regime as
below.

FGAs usually occur at a subsurface level originating from
internal defects. However, characteristics of FGAs were
observed as well at sample surfaces by conducting fatigue
tests under vacuum on CT samples,16 on two-piece samples
with a contact surface,56 and on samples with induced artifi-
cial surface defects.71,78 For equal experiments in air, no
grain refinement was found in the vicinity of the crack origin.
This indicates that the vacuum-like atmosphere present in
sample interior is mandatory to induce FGA formation.
Simulating similar conditions by performing fatigue tests
inside a vacuum chamber or in situ in a scanning electron
microscope (SEM) enables possibilities for deeper insights
into the underlying complex fracture mechanics.

Furthermore, FGA formation appears to require local
stress concentration. In high-strength steels, such stress con-
centrators are often non-metallic inclusions (NMIs).
Spriestersbach and Grad have shown that the elemental com-
ponents of inclusions define their properties and that some
inclusion types are more critical for FGA formation and
VHCF failure than others.67,68 Due to their strong coherence
to the matrix, sharp edges and brittle behavior, TiN inclu-
sions have a more detrimental effect than AlCaO inclusions.
Contrary to AlCaO inclusions, that decay or detach during
fatigue loading, TiN inclusions usually break, representing
a harmful sharp crack.67,79 Under considerations of their
respective SIFs, small TiN inclusions enable short crack
growth and FGA formation earlier than bigger AlCaO inclu-
sions. Other defects like pores, grain-boundary triple junc-
tions or artificially induced notches in the case of fatigue
testing under vacuum have also been proven to act as pos-
sible crack origin sites enabling FGA formation.29,71,78,80

In general, FGA formation occurred if the local SIF of the
crack origin site was lower than the global threshold value
for long crack propagation of the respective material.

By superimposing ultrasonic AL fatigue with additional
tensile test devices, Hong et al.17 and Ritz and Beck73,74

revealed that FGA formation is strongly dependent on the
applied stress ratio. With decreasing compression loading,
FGAs evolved with a reduction in size. For stress ratios of

Figure 9. Crack initiation at artificial notch (FIB) after 108 cycles at σa= 750 MPa: a) surface cracks at the tips of the notch with
pronounced extrusion and b) FIB section showing FGA formation at both sides of the crack flanks (highlighted by the arrows). Giertler
and Krupp, Investigation of Fatigue Damage of Tempered Martensitic Steel during High Cycle Fatigue and Very High Cycle Fatigue Loading Using In
Situ Monitoring by Scanning Electron Microscope and High-Resolution Thermography,71 licensed under CC BY-NC 4.0.
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R> 0.1, when no compression loading is involved, FGAs
were not found on fracture surfaces. In addition to AL and
RB loading, some researchers have also investigated
VHCF behavior for torsional loading. Karr et al. conducted
ultrasonic torsion fatigue tests of a high-strength spring steel
similar to SWOSC-V up to 5× 109 loading cycles.81–83

Run-out samples were subsequently tested at an increased
stress ratio. Similar to RB, the control volume for torsion
loading is reduced due to a stress gradient along the cross-
section.84,85 Moreover, fracture mechanics in torsion loading
are dominated by shear stresses, leading to a fracture surface
tilted by approx. 45° to the sample’s axis. To increase the
probability of internal failure, the number and sizes of non-
metallic oxide inclusions were intentionally increased by
adding iron oxide powder. By comparing varying stress
ratios, R= -1 was found to be non-detrimental for internal
failure, as surface failure was dominant in all cases.
Contrary to that, majority of the samples exposed to stress
ratios R= 0.1 and 0.35 showed internal failure with FGA for-
mation. However, conducting torsion fatigue with R= -1
under vacuum, FGA formation was found at surface defects,
that were artificially induced by Ar+ milling. This empha-
sizes the complexity inherent to this damaging phenomenon.

Several studies have demonstrated that an increasing
hardness in quenched and tempered steels leads to a transi-
tion of crack initiation sites from surface to subsur-
face.48,72,80,86 However, the influence of hardness values
and other parameters – such as varying carbon contents
and prevailing temperatures – on the formation and charac-
teristics of FGA have not yet been systematically investi-
gated, representing a current gap in knowledge.

To discuss the postulated mechanisms, various influen-
cing parameters on FGA formation should be considered.
Mechanisms proposed by Murakami et al.9 and Shiozawa
et al.14 appear to be valid in the cases of hydrogen-related
fatigue failure and decohesion of carbides in steels, respect-
ively. However, because FGA formation was also found in
vacuum atmosphere or titanium alloys, hydrogen embrittle-
ment and decohesion of carbides may not be the root causes
for subsurface crack initiation and associated grain refine-
ment. Plasticity-driven evolution of dislocation cells around
a stress concentrator, leading to grain refinement with low-
angle grain boundaries appears to be a plausible explanation.
The postulated mechanisms by Sakai et al.,13 Grad et al.15

and Hong et al.17 share similarities regarding the grain refine-
ment. However, the NCP model by Hong et al. appears cap-
able of explaining crack initiation and FGA formation, as it
meets the aforementioned requirements: vacuum like atmos-
phere, a material defect with a SIF < ΔKth, compressive load-
ing involved and a high number of loading cycles. Their
approach, that the repeated pressing of crack flanks leads
to grain refinement due to crack closure and relaxation
effects, gets underlined by the compression-compression
tests conducted by Oguma under vacuum.56 However, the
exact time sequence of crack and FGA formation remains
debated, as it is unclear whether grain refinement due to loca-
lized plasticity is a prerequisite for crack initiation or a con-
sequence of repeated crack closure under compressive
loading.

FGAs share similarities with another damaging phenom-
enon exclusive to components exposed to rolling contact

fatigue (RCF).87 It leads to premature failure of rolling elem-
ent bearings at 5–10% of the calculated rating life.88

Investigations of the microstructure by LOM revealed the
initiation of subsurface cracks that appear white when treated
with a contrast agent, hence the designation white etching
crack (WEC).89 They are usually found around inhomogene-
ities like NMIs and can branch into a network called white
etching area (WEA). As many studies have shown, WECs
are as well accompanied by local grain refinement.89–94

Similar to FGAs, the formation mechanism of WECs is not
fully understood, although several mechanisms have been
proposed.95–99 However, only a few studies have been pub-
lished so far focusing on both FGAs and WECs. Averbeck,
Spriestersbach and Kerscher investigated their similarities
and expanded the FGA formation mechanism by Grad
et al. to WECs,100,101 showing that both phenomena might
have the same root cause.

Conclusions and outlook
The research on FGAs in the VHCF regime plays a pivotal
role in understanding fatigue fracture associated with subsur-
face crack initiation in high-strength materials. As FGA for-
mation strongly influences fatigue life, controlling the
mechanism will be essential to meet the requirements in
designing modern engineering components. This review
has introduced VHCF and its characteristic fracture behavior.
Postulated formation mechanisms of the FGA were critically
evaluated, and multiple governing parameters were identi-
fied. It was revealed that FGA formation is a complex dam-
aging phenomenon, resulting from a highly specific
interaction between microstructural properties, and loading
as well as environmental conditions.

Key conclusions drawn from this analysis are that FGA
formation requires (i) a vacuum-like environment, (ii) local
stress concentration within the microstructure and (iii)
repeated exposure to mechanical stress. Furthermore, an
obvious parallel exists between FGAs and WECs in RCF.
Both are related to subsurface cracks, initiating from local
stress concentrators like NMIs, and local grain refinement
in their vicinity. This suggests that both phenomena could
be considered together and that insights from one loading
condition (VHCF or RCF) could be used for modeling the
other.

For future research on FGAs, key open questions and
opportunities emerge:

• A systematic examination of the effects of varying car-
bon contents, hardness values and testing temperatures
may help establish the dependence of FGA formation
on these parameters.

• Current studies are largely limited to isolated loading
conditions. However, in real-world applications, com-
ponents are exposed to complex multiaxial loading
conditions, such as cyclic axial loading superimposed
by alternating torsion.

• A correlation between microstructural features like
inclusion characteristics, grain boundaries, dislocation
cells and elemental partitioning might extend the cur-
rent understanding of the FGA formation mechanism.
Such a correlation can be realized by investigating a
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FIB-cut needle-like specimen in TEM, which is subse-
quently sharpened for further APT analysis.

• As the FGA formation and associated crack evolution
is a subsurface phenomenon, its real-time progression
remains invisible to conventional post mortem ana-
lysis. Conducting ultrasonic fatigue tests on samples
with artificially induced surface defects in situ in an
SEM enables the monitoring of FGA formation and
crack propagation.

• Multiscale modeling of inclusions and crack mechanics:
Simulating the local stress state due to inclusions with
varying properties and crack initiation and propagation
might reveal deeper insights into the fracture mechanics
and support predicting the onset of failure.
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94. Šmeļova V, Schwedt A, Wang L, et al. Microstructural
changes in white etching cracks (WECs) and their relation-
ship with those in dark etching region (DER) and white etch-
ing bands (WEBs) due to rolling contact fatigue (RCF). Int J
Fatigue 2017; 100: 148–158.

95. Evans MH. White structure flaking (WSF) in wind turbine
gearbox bearings: effects of ‘butterflies’ and white etching
cracks (WECs). Mater. Sci. Technol 2012; 28: 3–22.
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