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ABSTRACT. Through our own results and from the literature it is observed that the micro
plasticity in the gigacycle fatigue induced more than dislocations siding. Sometime, phase
transformation, refining of the grain, twinning, and instability of the yield point, occur even
when the loading is small during a very high number of cycles. In high carbon content and
in high strength stedl, there is a transformation of the microstructure starting from a defect,
in relation with the stress concentration and the stress field.
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INTRODUCTION

At the microscopic level, Mughrabi [1] shows thhetinitiation of fatigue crack in the
gigacycle fatigue regime can be described in teofng micro structurally irreversible
portion of the cumulative cycle strain. It meanattthere is no basic difference between
fatigue mechanisms in low, mega, and giga-cycliguatexcept for the strain localization.
However, specific mechanisms can occur dependingherfatigue life. The fatigue life
seems to be a key parameter to determine corréatlyatigue initiation location. In low
cycle fatigue, in megacycle fatigue and in gigaeyfdtigue different mechanisms can
operate at different scales of plasticity. In theIcycle fatigue regime, the cyclic plastic
deformation is critical at the surface but exidtsoan the bulk of the metal. Typically,
several cracks nucleate from the surface. Wherfatigue life is below 10cycles, general
plastic deformation of the specimen bulk goverrss itiitiation. When the fatigue life is
between 19 and 10 cycles the plastic deformation depends on theepktress surface
effect and the presence of flaws which explainsditiigcal location of fatigue initiation.
Typically, the initiation starts with one crack gnfrom the surface. However approaching
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10° cycles the plastic deformation in plane stresditimms is vanishing; the macroscopic
behavior of the metal is elastic except around $lamvetallurgical defects or inclusions. In
very high cycle fatigue, the plane stress cond#iane not enough for a surface plastic
deformation according the Von Mises criteria. (E)gThe initiation may be located in an
internal zone.

N =10" cycles N =10° cycles N =10’ cycles
| | |

Figure 1. Location of the fatigue crack initiation

In gigacycle fatigue ,when the crack initiationesis in the interior, this leads to the
formation of a “fish-eye” on the fracture surfaegd the origin of the fatigue crack is an
inclusion, a “super grain” (micro structural horeogity), or porosity. At the macroscopic
scale, under the optical microscope (or naked dke)fish-eye area looks white, whereas
the region outside of the fish-eye looks grey. Imast all cases, this fish-eye appears
circular, with a dark area in the centre, insiddclvhithe crack initiation site is located.
Controversies exist on the origin of this dark aredich some authors have named:
“Optically Dark Area (ODA)” [2] “Fine Granular Are@FGA)” [3] “Granular Bright Facet
(GBF) [4]. But the problem has not been resolved lyés not clear what kind of processes
is dominant. Murakami model of crack origination based on the knowledge about
hydrogen influence on the crack initiation. It @gisn internal inclusions which trapped
hydrogen during manufacturing procedure. But indase of supergrain which is the first
step of subsurface cracking there is no hydrogehdrvolume around [5].

Another question is about FGA around inclusion.ldwing by Sakai this area occurs
because of process of polygonisation, but follonbygMurakami this area occurs because
of hydrogen influence. Nevertheless grey colorha surface in the center of the crack
origination under optical microscope cannot be axgd only based on the knowledge
about hydrogen influence [2]. Grey or black col@ancbe result of fracture surface
formation with different roughness but, at the sdime, it can be difference in manner of
chemical composition diffusion during material daag. For example, the mechanism of
carbon diffusion in area of metals cracking hasbatroduced in the case of steel pressing
during rolling contact [6]. But it is not clear ddube this effect considered for another
cases of steels fatigue cracking in VHCF regimeatr
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For example, new effect has been considered fet Si®E 52100 in UHCF regime [5].
It was discovered that in FGA carbon is dominanndpenore in percent than in material
composition. This effect has been explained becafismrbides formation during FGA
subsurface occurring. But this explanation has regditttion with mechanism of carbon
diffusion as a result of carbides destruction [6].

At last, Murakami mechanism of ODA formation basmd the hydrogen effect but
mechanism of carbides destruction considered hyhr@s such chemical element which
accelerates material cracking but it not plays d@mi role in the subsurface fracture
mechanism [6].

Nevertheless, but the FGA has been seen not orgyegls. It has occurring in Al-Cu
based alloy [8] and in compacted superalloy EP NR1[9]. The same pattern but is not
strongly expressed in the center of the subsuréaaeking was discovered in Ti-based
alloys [9], and it can be seen during first stafjenetals cracking at the surface but in
vacuum [10, 11].

That is why the question grows up: if the same reamf metals subsurface cracking
takes place for different metals may be it is fundatal process that has to be considered
using unified physical approach. This paper triedirttroducing possible steps in this
direction.

TEST PROCEDURE

To achieve the very high number of cycles as msch® piezoelectric ultrasonic
fatigue system was used with advantages of timmgand lowers cost. Different high
strength steels were studied, martensitic or &iniUTS range 1400~2000 MPa.
Ultrasonic fatigue testing under cycle loadingandion-compression, R=-1.
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Figure 2. Specimens for ultrasonic fatigue (Unitnn

Generally the ultrasonic tests are performed withnd specimens. For a mechanical
viewpoint, it is better to use cylindrical specimesvoiding edge effect, Fig 2a. However
for microscopic observation, a flat specimen is enaynvenient. It must be pointed out that
a plane stress field is emphasized in a flat speciof one millimeter thickness or less. On
the contrary, the plane stress effect is limitedh® surface in a round specimen. A new
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designed flat specimen (1 mm thickness) as showikign2b is used for ultrasonic

frequency fatigue testing, Specimen, special attect and piezoelectric fatigue machine
constituted the resonance system working at 20 KBt¢fore fatigue testing, surface of
specimen polished to the roughness level RO.2.nguest specimen maintain around the
ambient temperature by a cooling system.

RESULTSOF INVESTIGATION

Facture surface observation on optical microscdmavs same characteristic in both flat
sample and cylinder specimen at very high cycl@dat regime in agreement with the
Paris-Bathias model. Fig 3

- Adark area zone (so-called ODA) due to the indiatmechanisms. [12]

- A penny-shaped zone (short crack growth).Whatewer ¢rack initiation site
(spherical or elongated inclusion, super-graingepothe fracture surface becomes
circular around the initiation site.

- A zone with small radial ridges corresponding ® short to long crack transition

- A zone with large radial ridges (long crack growtim) this zone, the fatigue crack
propagation produces striations for which the mgiatance between striations is a
function of AK?, in good agreement with the CTOD.[5]

Figure 3. Optical microscope observation on speggne

Fracture surface analyses on scanning electronoggope have shown three types of
subsurface fatigue crack initiation.
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Figure 4. Well-known first type of fatigue cracktiation from inclusion.

In the first casét was representative internal initiation in VH@Rich usually occurred
from metals inclusion, Fig.4. There were seen thmes fracture surface patterns that
usually discussed in all papers (see, for instahegakami [2]). It is clear that difference
in inclusion shape determined difference in fatigteck initiation site (see Fig.4b).

There is evidence in difference between two fractsurface patterns in area of crack
origination from inclusion: (1) two semi-elliptidgishaped areas of FGA; (2) areas of

guasi-brittle cracking from the inclusion betweeBAS. FGAs and areas between them
placed in different plains.
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Figure 5. Area of crack origination in the “secbodse without inclusion

Second casef subsurface cracking, in the centre of crackjination exist only FGA
without inclusion, Fig.5. In some area of FGA atg@at can note which may discussed as

271



brittle fracture of material structure (see Fig.5lb)was compared with brittle fracture of
this material in area of fast opening fracture. @anng has shown that FGA has occurring,
may be, around one of the material grains whiclckingy can be before or after FGA
formation. But there is no clear evidence in fraetsurface patterns that have significance
about influence material structure on the cracgination manner.

Third caseof subsurface crack origination is more complidat€ig.6. There is
supergrain that has been broken first, and se¥&&ls and areas of quasi-brittle cracking
have been formed around.

ZOHm WD=100mm  |Probe= 34pA  Date:17.un2011 State Centre WD=100mm  |Probe= 34pA  Date:17Jun2011 State Centre
EHT=2000kv  Signal A=SE1 Photo No.=3078  for Flights Safety EHT=2000kv  Signal A=SE{ Photo No. = 3080 for Flights Safety
Stage at X =54 147 mm  Stage at ¥ = 11597 mm Mag= 186K X Stage &l X =54 13 mm  Stage et'¥ = 11588 mm Mag= 713KX

Figure 6. Area of crack origination from the supang

Facture surface patterns detailing consideraticaraa of supergrain cracking has shown
that the crack start took place in small area adotire corner were cracking for the
specimen had origination (see Fig.6b). It is ast-Bmooth-facet (FSF) out of which took
place material cracking in the direction througle $upergrain with meso-beach-marks
formation because of crack retardation under eateryclic loads. Also, there have regular
patterns which looks like as fatigue striationgha direction of crack propagation through
super-grain. But they are not fatigue striationseyl have occurring because of structural
elements cracking such as martensitic colonies.

Discussed three cases of subsurface fractures ceunbatterns occurring reflect
systematic behavior in metals cracking: (1) alwBA formation; (2) existing FGA only
or with areas of quasi-brittle fatigue cracking) {8 the centre of FGA exist inclusion or
FSF formation because of structural elements angcki

DISCUSSION
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Take the specimen present in the Fig4b in to censieatigue life of specimen is 2.339 x
10 cycles under loadingc=1340 MPa. Fatigue intensity factaK in the edge of FGA
then is 7.68 MPan*2. According the assumption of effective fatigueeirgity factor [13]

AKeff :Kma)('Z/ﬂ:'Kopen' Onom' V 77:d / 2

Where, Kopen=0.5-E-k2z /d . h is distance between two patterns of fracturéase,
it is negligible when crack size is very smafla,=AK/2 andonom=0 for stress rate R=-1.
ThereforeaKer =Kmax = 3.84 MPam™2 Approximate, magnitude of Burges vector b in
steel is in same scale of crystal lattice or dowlte of atom radius of steel. That means,
b=2R=2.65 A (1 A= 10" m). Young's modulus of steel is’E10 GPa. Therefore\b=3.42
MPam™2 It is suggestingaKei ~ Evb which well agreement with Paris-Hertzberg law.
While AK¢¢ at edge of FGA can be regard as the thresholdtigfuie intensity factonKth.
Beyond this edge of FGA, mechanism of fatigue frectransform from initiation to the
propagate stage. According to the previous co-wbBathias and Paris [5] that fatigue life
after threshold just very small part of total lifethe case of VHCF, mostly less than 10%.
Therefore inside of FGA or below the thresholdmother word, crack taken more tharf 10
cycles to forming the FGA which has radius aboutr2&rons in this example. That means
average crack propagate speed inside FGA muchthass magnitude of Burges victor.
Therefore it is inappropriate to explain the meaesimnhere by fatigue crack propagation. A
distinguished mechanism must use to demonstrat®timation of crack initiation.

2pm Grand. = 3.00 KX EHT=10.00kV  Signal A= SE2 Date 5 Awr 2011 2 pm Grand. = 500 KX EHT=1000kV  Signal A=SE2 Date 5 Awr 2011
Disphragme: Dimen:

ot Dimension=30W0em WD = 7.7 mm Photo N° = 4890 ECP Diaphragme: Dimersion =00 pm WD = 23.9 mm Phata N° = 4887 ECP

Figure 7. PSB structure in ferrite grains (a) sutage (b) cross section

From view of simple microstructure, dislocatiorpstiharacters in the very high cycles
fatigue was well studied in fcc copper crystal aackntly also studied in bcc ferrite crystal.
Both two of basic lattice of crystal can have p#esit slip bands (PSBs) during certain
stress in very high cycles loading. Fig. 7 showes RSB structure in ferrite grains on the
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subsurface which parallel to loading direction andhe cross section which perpendicular
to loading direction. Links of PSBs was regardedh&sdominative mechanism of fatigue
crack initiation in VHCF regime on single phase pep and ferrite material. Could
dislocation slip also be the fracture mechanisnhigh strength steel after very high cycle
loading?

Let's start from the typical initiation of internatack which has inclusion in the center
of FGA. In this case around inclusion can be redlidifferent sequence of events in
dependence on the cyclic loading shape, Fig. 8.

During uploading portion of cyclic loads (betwearints “0”-“1") matrix and inclusion
experienced in areas “A” and “B” different influenof stressing. In the point “A” material
has tension and destruction by the border betwasansion and matrix grows up. In point
“B”, horizontal plane, occurs matrix pressing frohe inclusion because during uploading
portion of cyclic loads matrix deformation directieddeformation in the inclusion direction.
Maximum stressing of destruction in area “A” andxmaum pressing for matrix at area
“B” takes place at the point “1” of external loadinDuring unloading portion of cyclic
loads at the point “2” there exist additional irfhced from residual stresses always exist in
metals. When the cyclic loads goes to the last dlalfycle, between points “2"-“3" and
“37-“4” it will has the same effects for matrix sgsing but in opposite.
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Figure 8. Matrix stress-state around inclusion s@dtezed of external cyclic loading

Furthermore, during discussed cyclic loads abofieret will be inclusion rotation
because of not symmetrical case of its shape ammdnastry in acting loads by the surface
of inclusion (see, Fig. 4). More or less but ratatcomponents will be always exist under
external cyclic loading. That is why it should lmnsidered stress-state around inclusion as
triaxial because of residual stresses and compafenatation for matrix in area of crack
origination by the border between matrix and inicdaos Inclusion rotation has been also
discussed in the paper [14].
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Earlier the stress-state of metals in local placéhe case of external tension has been
estimated using parameterdifoex: [15]. For example, value of “p” has been demonstra
in the range of 80-290 for Zn and Al. The sameatffeas been discussed based on elastic
energy calculation that needs matrix to be brok&imd interaction process between acting
dislocations [16].

Therefore, at the considered points “A” and “B” rheis growing up energy
accommodation process under cyclic loads influeponaterial state and directed to appear
cracking by the border of one inclusion which Heshighest stress-state.

b) 0)

Figure 9. Sketch of inclusion initiation.

Sketch in Fig. 9a was used to illuminate the memamf internal crack initiation in the
high strength steel. During the fatigue loading;duse of local stress-state discussed above,
some point of matrix around inclusion has the stremach to critical shear stress of
dislocation slip. Followed by plastic zone occuriedthe bulk of steel. Orientation of
plastic zone has an angle with loading axis (fijy.9fside of this plastic zone, dislocation
slip laid to deforming in a very small scale. ExiBslocation slipping is very difficult in the
high strength steel, but due to the concentratioiatigue stress and very high number of
cycle some dislocation has irreversible slippingc&8use of the microstructure of high
strength steel, those irreversible dislocation ®enslip marks in the low length-width ratio
instant of forming PSBs. When the crack open hawe pattern surfaces though those
dislocation slip marks at plastic zone, fracturdesze has formed FGAs.

In reasons that geometry of inclusion and plastinez cracks opened in two FGAs
always at different planes. Along with the progre6&GAs formation, axial cyclic loading
and size of crack start to play a major role coragarthe stress concentration at border
around inclusion. Unique crack intended to growpegpendicular to the loading direction.
Therefore matrix between two FGA planes was untlears stress. During formation of
FGA, bulk of matrix between two FGAs has additioséiless in cyclic compression
condition besides mean fatigue loading (narrow mauin red at Fig. 9¢). Finally, two
FGAs at plastic zones coalesce induce a stage fmmaViostly because of higher
distortional strain energy at boundary of metastma; bigger inclusion at boundary has
priority to initiate the fatigue crack accompanigiih stage formation along the boundary
(see Fig 10). Considering loading history of thisgvlike stage formation, it is reasonable
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to related wing structure to the butterfly struetwor white etching area (WEA) in the
fracture analysis of rolling contact fatigue tegton bearing steel.

Figure 10. EBSD image of inclusion initiation

In brief, FGAs formed in the mechanism of irrevelsidislocation slip marks though
the plastic zone caused by fatigue stress condmemtraround inclusion after many cycles
loading. It is should be point out that when oraion of crack was inside of metastructure
or FGAs were in the same plate in matrix, the wikg-structure in the crack initiation
stage well not appears. Therefore metallurgicalresicucture misfit or anisotropy or
weakness of metals also possibly may contribute Iticalized stress field to driving
dislocation slip when it reach to the critical shetiess of dislocation slip and eventually
initiate the fatigue crack.

Nevertheless, there exists another manner of metatking with FSF occurring (cases
“Second” and “Third”). One of the structural elertseerexperienced weakness which
directed to the next step of metals cracking. 1§ thSF very small, matrix loss plastic
stability and form such FGA around FSF as circalaa.

In case that FSF occurring is the first step ofestgrain cracking, there is the same
situation around that have been discussed abovicalpy to the case one with crack
initiation from the inclusion (see Fig.5). Seveaadas around experienced plastic instability
but other areas have crack initiation by the sidimechanism.

Mechanism of the FSF formation was discussed aggicto Ti-, Al-, and Ni-based
alloys [9, 17 and 18]. Subsurface metal volumegestd to hydrostatic stress-state and by
one of the crystallographic planes appeared plastiormation process as whirls moving,
Fig.11. Diffusion of rest gases, for example atomfisoxygen, hydrogen and nitrogen,
always exist in metals or other chemical elemenfiuienced material weakness and
directed to FSF free surface occurring. When @ailitigeakness has exceeded around FSF
then there is appeared process of plastic zoneat@aym This zone introduced tension of
matrix around FSF and crack origination occurred.
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Figure 11.Schema of sequence of events for twisting mateodlaime which occurs in one of the
structural element cyclic

CONCLUSIONS

Based on our own results and from literature iteastrown that

1). Subsurface crack initiation process in gigaeyekigue could be realized by several
mechanisms. Observation of a material structurgvshtihat dislocation processes influence
on damage accumulation in gigacycle fatigue in aafsdifferent mechanisms of crack
origination.

2). One of mechanisms is crack origination from fire smooth facet, which could be
formed due to micro-rotation and pressing in bulknaterial.

3). In case of internal inclusion, redistributiohstress field around it, led to forming
nanostructure (spherical particles) in matrix oftenal. Fatigue crack opening through
borders of these patrticles with forming FGA.

4). Sometimes, forming of nanostructures coulddaized in case of material without
inclusion. Therefore, the process of nanostrucfarming could be a general feature of
material to relax a cyclic loading.

5). In case of material with high disorientationrafighbor grains, a fracture could be
realized in one of the grain with an unfavorablaigorientation against to axis of loading.
Further damage is determined by the crystallogmaphéentation of neighbor grains.

REFERENCES

1. Mughrabi H. Specific features and mechanismiatigue in the ultrahigh-cycle regime,
Int. JI of fatigue 28 (2006) 1501-1508

277



2. Murakami Yu. Metals Fatigue: Effects of Smallf@s and Nonmetallic inclusions.
Elsevier Ltd, London, UK, 2002.

3. Sakai T., Li W., Lian B., Oguma N. Review andvrenalysis of fatigue crack initiation
mechanisms of interior inclusion induced fractufrdigh strength steels in very high cycle
regime. In:Proc. of the Int. Conf. VHCF5, Berlin, 19-26.

4. Shiozawa K., and Lu L. Very high-cycle fatiguehlavior of shot-peened high-carbon
chro-mium bearing steelBatigue Fract. Engng. Mater. Sruct., 25, (2002), pp.813-22

5. Huang Z., Wagner D., Bathias C., Paris P.C. @tifase crack initiation and propagation
mechanisms in gigacycle fatigue. Acta materialgy,Z)10. pp.6046-54.

6. Gegner J., Nierlich. Sequence of microstructahainges during rolling contact fatigue
and the influence of hydrogen. In: Proc. of the @anf. VHCF5, 2011, Berlin, pp.557-62
7. Karsch T., Bomas H., Zoch H.-W. Influence of togen and microstructure on the
fatigue behavior of steel SAE 52100 in the VHCFimeg In: Proc. of the Int. Conf.
VHCF5, 2011, Berlin, 201-6

8. Carboni M., Annoni M., Ferraris M. Analyses akmature failure of some aluminum
alloy sonotrodes for ultrasonic welding. In: Prot.the Int. Conf. VHCF5, 2011, Berlin,
pp.589-94

9. Shanyavskiy A.A. Fatigue cracking of smooth anmdched specimens of compacted
superalloy EP741 NP in high- and very-high-cycliégize regime. In: Proc. of the Int. Conf.
VHCF5, 2011, Berlin, pp.107-12

10. Stanzl-Tschegg S., Schonbauer B. Near-thrdsfailgue crack propagation and
internal cracks in steel. 10th Intern Fatigue Cenmgy June 6-11, 2010, Czech Prague,
Procedia Engineering 2 (2010), 1547-55

11. Nakamura T., Oguma H. Influence of environment the formation unique
morphology on fracture surface in subsurface fr@stuln: Proc. of the Int. Conf. VHCF5,
2011, Berlin, pp.257-63

12. Murakami Y. The Mechanisms of Fatigue Failaréhe Ultra long Life RegimeMetal
Fatigue. Elsevier. Oxford. 2002. UK

13. Paris P.C. Tada H. Donald J.K., Service loatigda damage — a historical
perspective,International journal of Fatigue,219935-S46

14. Alfredsson B., Watz D., Olsson E. Fatigue atitin at inclusions and subsequent crack
growth in a bainitie high strength roller beaririged at uni-axial experiments. In: Proc. of
Intern. Symposium on Fatigue Design & Material @¢f$e Trondheim 2011, p.13

15. Ivanova V.S., Terentiev V.F. Nature of metague. Metallurgy, Moscow, Russia,
1975

16. Oding I.A. Izvestiya “AS USSR. Metallurgy aneef’, 3, 1960, 3-10.

17. Shanyavskiy A.A., Banov M.G. The twisting meatisan of subsurface fatigue cracking
in Ti-6Al-2Sn—-4Zr—2Mo-0.1Si alloy. Engng Fractureahanics 77 (2010), 1896-906.

18. Shanyavskiy A.A. Mechanisms of the 2024-T35RAKoy Fatigue Cracking in
Bifurcation Area after Laser Shocks Hardening Pdoce. Key Engineering Materials Vol.
465 (2011), 511-4.

278



