N

N

Experimental and Theoretical Study of Multiscale
Damage-Failure Transition in Very High Cycle Fatigue
V.I. Betekhtin, A.G. Kadomtsev, M.V. Narykova, M.V Bannikov, S.G.
Abaimov, I. S. Akhatov, Thierry Palin-Luc, O.B. Naimark

» To cite this version:

V.I. Betekhtin, A.G. Kadomtsev, M.V. Narykova, M.V Bannikov, S.G. Abaimov, et al.. Experimental
and Theoretical Study of Multiscale Damage-Failure Transition in Very High Cycle Fatigue. Physical
Mesomechanics, 2017, 20 (1), pp.78-89. 10.1134/51029959917010076 . hal-01593831

HAL Id: hal-01593831
https://hal.science/hal-01593831
Submitted on 26 Sep 2017

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01593831
https://hal.archives-ouvertes.fr

Experimental and Theoretical Study of Multiscale
Damage-Failure Transition in Very High Cycle Fatigue

V. I. Betekhtin'*, A. G. Kadomtsev', M. V. Narykova!, M. V. Bannikov?,
S. G. Abaimov?, I. Sh. Akhatov?, T. Palin-Luc?, and O. B. Naimark?

! Joffe Institute, Russian Academy of Sciences, St. Petersburg, 194021 Russia
2 Institute of Continuous Media Mechanics, Ural Branch, Russian Academy of Sciences, Perm, 614013 Russia
? Skolkovo Institute of Science and Technology, Moscow, 143026 Russia
* Institut de Mécanique et d’Ingénierie de Bordeaux, Talence, 33405 France
* e-mail: vkmbetek(@mail.ru

Abstract—Multiscale mechanisms of failure of metals (Armco iron, titanium, aluminum) are studied for high cycle
and very high cycle fatigue. By correlating with the results of structural studies, a theoretical approach is developed
to describe fatigue crack kinetics in damaged material under high cycle and very high cycle fatigue loading condi-
tions. Stages of crack nucleation and propagation are analyzed using the profilometry data from the fracture surface.
The scale invariance of fracture surface roughness is established, which allows an explanation of the self-similar
nature of fatigue crack kinetics under high cycle and very high cycle fatigue. Variation of elastic-plastic properties
of Armco iron under very high cycle fatigue is studied using an acoustic resonance method. It is found that the ma-
terial density decreases during fatigue damage accumulation, with the minimum of the material density in the bulk

of the specimen.
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1. INTRODUCTION

High cycle and very high cycle fatigue is the most im-
portant fundamental and engineering problem for a vari-
ety of applications. Series of accidents caused by the gas
turbine engine failure [1, 2], along with high costs of ser-
vice life estimation and potential costs of development
of new constructions, stimulated advanced concepts of
national research programs for high cycle and very high
cycle fatigue [2—11], as being based on new fundamental
results of fatigue strength evaluation. The programs aim
at developing approaches using basic research findings,
modern methods of laboratory modeling, and quantita-
tive analysis of structural changes in order to reveal frac-
ture stages and “criticality” mechanisms in transition to
macroscopic fracture. A strong interest in the gigacycle
range (10° cycles) of fatigue loads is provided by the
progress in the creation of new (nano- and submicro-
structural) materials with a very high cycle fatigue life
and by breakthrough tendencies in technologies requir-
ing such life in aviation motor industry [11].

To distinguish stages of initiation and propagation of
fatigue cracks is one of the key problems of fatigue fai-
lure [ 10—13], which is solved using the methodology of
investigation of damage kinetics, crack nucleation and
propagation as well as by means of experimental tech-
nique for registration of specific fracture stages. It was
previously noted [7, 10, 12] that a promising approach to
evaluating the very high cycle fatigue life is the consis-
tent description of stages of damage accumulation with
regard to its multiscale kinetics until the leader crack
appears with the size ensuring the applicability of frac-
ture mechanics approaches. The role of the initiation
stage is particularly important for gigacycle loading re-
gimes, which are characterized by the generation of the
fracture cite of a “fish-eye” shape in the bulk of the mate-
rial. The stage of fatigue crack growth in the very high
cycle regime may be short as the major part of the fatigue
life is accounted for the time of formation of the initia-
tion zone [7—13].



2. SPECIAL FEATURES OF CRACK INITIATION
IN THE VERY HIGH CYCLE FATIGUE REGIME

Fatigue damage is traditionally associated with mic-
roplastic deformation [10, 13] under cyclic loading that
induces various microstructural mechanisms of control
of the fatigue life, being dependent on the type and initial
structure of the material. For plastic metals, there is a
special type of localized fatigue (cyclic) deformation
(persistent slip bands), whose development usually ini-
tiates cracks in the near-surface zone. Another typical
mechanism observed, for example, in fatigue fracture of
high-strength steels is the generation of damages (in the
form of cracks) in the vicinity of inclusions at low load
amplitudes corresponding to very high cycle fatigue.
Thus, in contrast to conventional studies of very high
cycle fatigue focusing on the crack propagation stage,
we pose a fundamental problem of the initiation of a fa-
tigue crack during multiscale processes of damage accu-
mulation associated with various defects (localized plas-
tic shear bands, microcracks, pores). In so doing, a quali-
tative feature of very high cycle fatigue is the fatigue
crack initiation in the bulk of the material [7—10]. This
radically alters the formulation of the problem of fatigue
life evaluation and implies the development of new me-
thods for studying fracture stages, formation of critical
conditions for the transition from disperse to macrosco-
pic fracture, experimental and structural methods of as-
sessment of fracture stages. Mughrabi and Hoppel also
noted that fracture stages are characterized by the irre-
versibility effects appearing due to localized shears that
govern the fatigue crack initiation [10, 13].

3. FATIGUE CRACK GROWTH

The study of the crack kinetics is one of the important
fundamental problems of the mechanics and physics of
fracture, which considers crack propagation in the da-
maged medium by means of new formulations, being a
distinctive feature of fracture under very high cycle fa-
tigue. Based on the experimental data, Paris analyzed de-
pendences of the crack growth rate da/dN on the stress
intensity factor K and its range AK and found the power
law of crack growth [6, 7]

da m
N C(AK)", 6]
where C and m are the material-dependent constants.
The stress intensity factor range is defined as AK =
K. . —K.,» where K and K _; arethe maximum

max X
and minimum stress intensity factors under cyclic load-

ing. In addition to the Paris kinetics, the existence of the
threshold value AKy, is anticipated, under which the
crack will not propagate.

Once formed, a crack grows further in the material by
certain mechanisms that can be divided into the follow-
ing three stages. Figure 1 is a kinetic diagram of fatigue
fracture [7], which describes the crack growth. Stage 1 is
anear-threshold growth of the fatigue crack at the crack
rate in the range 10°-107> mm/cycle; stage 2 is a stable
growth of the fatigue crack (more than 107 but less than
103 mm/cycle); stage 3 is an unstable growth of the fa-
tigue crack at 10> mm/ cycle or higher. The Paris law de-
scribes a linear portion of the kinetic diagram and serves
as the “upper bound” for the first stage. At stage 3, the
crack growth rate proves to be much higher than that pre-
dicted by the Paris equation.

The kinetic diagram is indicative of the two main
characteristics of the cyclic crack resistance: the thre-
shold stress intensity factor range AK,; , below which a
fatigue crack does not grow, and the critical stress inten-
sity factor range AK;, at which a catastrophic fatigue
failure occurs. Fatigue failure in the Paris regime is de-
termined by the applied stress and crack length (and its
orientation) [14]. However, for small cracks or low
stresses when the crack growth kinetics is significantly
affected by the structure and damage of the surrounding
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Fig. 1. Kinetic diagram of fatigue fracture, crack growth
stages [7]. Stage 1 is strongly influenced by the microstruc-
ture, average stress, maximum stress, and environment;
stage 2 is strongly influenced by the maximum stresses and
weakly influenced by the microstructure, average stress, and
environment; stage 3 is strongly influenced by the micro-
structure, average stress and weakly influenced by the envi-
ronment.
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Fig. 2. Schematic diagram of fatigue crack growth depending
on the crack size [16].

material, the Paris law cannot be used in its traditional
formulation.

To describe the growth kinetics of cracks smaller
than “Paris cracks”, Miller and Hertzberg [15, 16] pro-
posed a phenomenological relation, which, along with
the macroscopic characteristics of the stress state at the
crack tip AK; includes a parameter of the dislocation sub-
system, namely, the Burgers vector modulus b (Fig. 2)

AK Y
d_a = b - s (2)
dv | Evb

where E is Young’s modulus. This relation finds wide ap-
plications, even for “Paris cracks” due to the introduc-

tion of the effective value AK .

4. KINETIC EQUATION OF FATIGUE CRACK
GROWTH

The versatility of kinetics mechanisms determining
the relationship between the fatigue crack growth rate
and stress intensity factor change AK is the subject of in-
tensive experimental and theoretical research. Power-
law dependence (1) reflects the self-similar nature of fa-
tigue crack growth due to nonlinear damage accumula-
tion in the vicinity of the crack tip (process zone).

Self-similar features of crack growth were studied by
methods of the theory of similarity and dimensions [17—
19]. The crack growth rate da/dN (ais the crack length
and NV is the number of cycles) is dependent on the fol-
lowing parameters:

da
WzF(AK, E,l.,L,), (3)
where AK is the stress intensity factor range, E is

Young’s modulus, / is the minimum spatial scale in the

vicinity of the crack tip (fracture process zone) on which
scale-invariant laws of the fracture surface relief begin
to show up, and L, is the scale of the fracture process
zone at the crack tip. The values of L, and [y, are ex-
perimentally determined based on the study of correla-
tion properties using the scale invariant (Hurst expo-
nent) obtained from the analysis of the correlation func-
tion of fracture surface profiles. Following the I1-theo-
rem [17] in a dimensionless form, function (3) can be re-

presented as
L
da _p| _AK 2 (4)
dv N
By evaluating AK/(E\/E) <l and L, /[, >>1, we

can suggest the intermediate asymptotic nature of crack
growth kinetics and write (4) in the form

da_, (oK V(b )
dN I EJI, ) | ke )

where o and f3 are the exponents generating the interme-
diate asymptotic dependence of crack growth kinetics on
the dimensionless variables. We introduce the parameter
AK = AK(L,, /1. W% and write Eq. (5) in the form

o

da AK ©)

av e [ E\JI, J '
In the limit /[, — b (where b is the Burgers vector
modulus), L, — [, and consequently AK 4 — AK,
the derived equation of crack growth kinetics will ac-
quire the form of the Herzberg equation (2) [15].

The scales L, and /. were previously determined
by the profilometry data at the fatigue crack tip for R4
steel [20]. These data presented in logarithmic coordi-
nates in accordance with (6) allow an assessment of the
critical scale /. The lower limit of the spatial scale

L., 1s taken as the critical scale /, (Fig. 3).
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Fig. 3. Typical form of the dependence of log, K(R) on log, R
of'the fracture surface relief.
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Fig. 4. Geometry of the specimens with the dimensions Z;,
L,, R, R, chosen to satisfy the resonance condition by for-
mulae described in [7].

5. FATIGUE TESTING OF TITANIUM AND
ITS ALLOYS IN THE HIGH CYCLE AND
VERY HIGH CYCLE FATIGUE REGIME

Tests are performed on cylindrical specimens with
the geometry of an hourglass (Fig. 4) made of titanium
alloy VT-6 (Ti6Al4V) and commercially pure Grade 4
titanium in different microstructural states. In the initial
coarse-grained state, the average grain size is 25 um; in
the ultrafine-grained (submicrocrystalline) state UFG-1,
150-200 nm; in the ultrafine-grained state UFG-2, 200 nm.
A grain is refined by equal-channel angular pressing in
the following conditions: 7=450°C, 8 passes, drawing
from 14 to 9 mm at 7=200°C for UFG-1 and T=450°C,
4 passes, warm rolling from 12 to 8 mm at 7=350°C for
UFG-2.

Transmission electron microscopy reveals that in the
UFG-1 state the microstructure is more uniform and
grains are equiaxed in both transverse and longitudinal
cross sections. In the UFG-2 state, there is a developed
metallographic texture in the longitudinal cross section
of the bar, which is characterized by elongated grains
with the dislocation substructure resulting from rolling
after equal-channel angular pressing.

Fatigue tests are carried out on the resonant-type ma-
chine (Shimadzu USF-2000) with the cycle asymmetry
coefficient R = —1 (Fig. 5). The test machine consists of
the following main parts: a generator that converts the
frequency of 50 Hz to ultrasonic electric sinusoidal sig-
nal with the frequency 20 kHz, a piezoelectric transducer
that transforms longitudinal ultrasonic waves to the me-
chanical action of the frequency 20 kHz, and an ultraso-
nic waveguide that generates the maximum amplitude of
mechanical stress in the working (middle) part of the
specimen. The frequency change by 0.5 kHz during the
test corresponds to the appearance of a crack with a cha-
racteristic size of about 2 mm.

The test results are shown in Fig. 6 in comparison
with the literature data [ 7] for alloy Ti6Al4V. Fatigue fai-
lure of alloy VT-6 occurs after 107 test cycles at the stress

——— Transducers
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Computer
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Specimen

Fig. 5. Experimental setup for very high cycle fatigue tests.

amplitude 495 MPa. Grade-4 Ti fails after 10° loading
cycles at stress amplitudes 275 MPa for the initial state
and at 375 and 340 MPa for the UFG-1 and UFG-2
states, respectively. The results of fatigue testing of tita-
nium alloy VT-6 (Ti6Al4V) in the very high cycle load-
ing regime are in good agreement with the data derived
by Bathias and Paris [7]. In the very high cycle regime,
fatigue characteristics are shown to depend on the mate-
rial microstructure. In the polycrystalline state of the
structure with the grain size 25 pum, titanium is exceeded
in fatigue strength by the submicrocrystalline modifica-
tion. The two submicrocrystalline states are also diffe-
rent in fatigue properties: Grade-4 Ti in the UFG-1 state
with equilibrium grain boundaries exhibits higher fa-
tigue properties as compared to that in the UFG-2 state
with the less uniform state of grain boundaries.
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Fig. 6. Test results on very high cycle fatigue: /—the fatigue
life data for alloy Ti6Al4V [7]; 2—alloy VT-6; 3—Grade-4
Ti in the initial state; 4—Grade-4 Ti in the ultrafine-grained
state UFG-1; 5—Grade-4 Ti in the ultrafine-grained state
UFG-2.
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Fig. 7. Images of the fatigue crack nucleus and specific zone
of increased roughness around it taken by the New View 5010
interferometer. Solid and dashed lines show the investigated
one-dimensional profiles in zones I and 1, respectively.

6. QUANTITATIVE FRACTOGRAPHY
OF FRACTURE SURFACES

Mechanisms of fatigue failure in the very high cycle
regime are studied by quantitative fractography based on
the data of optical microscopy and high-resolution profi-
lometry of'the fracture surface (New View 5010 interfe-
rometer-profilometer).

Specimens made of titanium and its alloys with a cha-
racteristic fracture (“fish-eye”), whose cite is in the bulk
of the material, demonstrate zones with pronounced
roughness around the crack nucleus (zone I), which are
about 100 um in diameter for pure Grade-4 titanium and
300 um in diameter for alloy VT-6 (Fig. 7). Zone I is sur-
rounded by zone II, which covers the largest part of the
fracture surface and is smoother than zone I.

6.1. Methods of the Fracture Surface Analysis
6.1.1. Scale kink method

Methods for evaluating the correlation length are
tested with the aid of measurements of roughness pro-
files in high-strength steel obtained by the New View
5010 interferometer-profilometer (Fig. 8).

The structural scaling parameter is introduced at cal-
culating the correlation function [20—28]

K(R) =K + R = h(x))), (7)
provided that there are scales R << & ( is the correlation
length) on which the relief reveals correlated fluctua-
tions which are indicative of the power-law dependence

K(R)e< R", ®)
where H is the relief scaling (surface roughness) index
(Hurst exponent). Therefore, the correlation length is de-
termined as the scale, at which the structural scaling pa-
rameter begins to deviate from the power-law depen-

dence, meaning that the crack behavior is not determined
by the material state on scales R >>&. The correlation
scale can be thus associated with the scale of a zone in
the vicinity of the crack tip defining its kinetics.

The proposed approach can be used with sufficient
accuracy for long profiles of the fracture surface. How-
ever, if the length of the experimental profile is limited,
this approach can demonstrate a sufficiently wide scatter
of the correlation function values. In addition, oscilla-
tions might be responsible for the ambiguous definition
of intersection points of the correlation function and
power-law dependence (Fig. 9). In accordance with the
standard procedure, each of the five intersection points
can be taken as the correlation length.

6.1.2. Method of the first zero point
of the correlation function

An alternative approach to determining the correla-
tion length can be the calculation of the correlation func-
tion on two different scales R<<& and R >>&. In the
first zone the correlation function has a power-law slope,
and in the second zone there is a transition to an expo-
nential dependence. The dependence is kinked at the
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Fig. 8. 3D-image of the fracture surface of steel RS (a) and the
analyzed one-dimensional profile (b).
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Fig. 9. Oscillations of the correlation function and the assess-
ment of the correlation scales. The solid line is the experimen-
tally obtained correlation function, and the dashed line is the po-
wer-law extrapolation. g(R)=g(0)— Kz(R)/Z = Kz(oo)/Z -
KX(R)/2.

correlation point and the correlation length can be found
as the first zero point of the correlation function
(Fig. 10a).

6.1.3. Method of the first zero point
of the power-law function

As Fig. 9 suggests, the scatter strongly affects the cal-
culation results of the correlation length. To eliminate
this effect, the correlation length is proposed to be deter-
mined by the zero point of the power law built as an ex-
trapolation of the experimental correlation function in
the first zone (Fig. 10b).

2
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Fig. 10. Calculation of the correlation length using the me-
thod of the “first zero point” of the correlation (a) and power-
law function (b). The solid line is the experimentally obtained
correlation function, the dashed line is the power-law extra-
polation.

The calculation procedure includes averaging of the
correlation function over all profiles of the specimen sur-
face roughness and the subsequent extrapolation by the
power-law path (Fig. 11).

6.2. Analysis of Profiles of the Fracture Surface
Roughness

We selected profiles whose direction corresponded to
the fatigue crack propagation (Fig. 12). Two specific
zones were found [28], being very different by the rough-
ness relief and consequently by Hurst exponent values
(Fig. 12). Zone I ~ 80-250 um in diameter (depending
on the test material) has high roughness in the vicinity of
the fracture site and corresponds to the zone of defect ac-
cumulation and fatigue crack initiation; zone I, covering
the rest of the fracture surface, is smoother than the first
one and corresponds to the Paris crack propagation law.
These results confirm the crack initiation mechanisms
described by Sakai [8].

The correlation function built by profiles including
both specific zones has two linear portions with a kink
on the scale corresponding to a change in the formation
mechanisms of the fracture surface relief while the func-
tions built by profiles within the zones have the only li-
near portion (Fig. 13).

The analysis of scale-invariant mechanisms shows
that the zone around the fracture site is associated with
microdamage localization. As cyclic loading proceeds,
defects are accumulated and form a fatigue crack of the
critical size, starting with which the crack grows by the
Paris law. The Hurst exponent is close to values derived
by Shanyavsky [2] for fatigue failure of aluminum alloys
in the Paris regime.

In Grade-4 titanium specimens in the very high cycle
loading regime, the fatigue crack is initiated at a depth of
70—150 pm below the surface. A characteristic diffe-

g(R), um?
8 -

Fig. 11. The method of averaging profiles. Dashed lines are
correlation functions constructed for all specimen profiles,
the solid line is an average value.
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Fig. 12. Image of the fatigue crack nucleus and specific zone
of increased roughness around it taken by the New View 5010
interferometer (a); schematic of the study of the fracture sur-
face of cylindrical specimens in the very high cycle fatigue
regime using the New View 5010 interferometer (b). Digits [
and II designate crack initiation and growth zones, respec-
tively. Solid lines show the cross section directions of the sur-
face profiles, for which scale invariants are calculated (Hurst
exponent).

rence of the fracture surface of such specimens from that
of alloy VT-6 is the lack of any zone boundaries in the
optical image. However, the height map plotted using the
data of the New View 5010 profilometer reveals a cha-
racteristic crack initiation zone around the fracture cite,
whose roughness differs from the rest zone of crack pro-
pagation and whose radius is equal to about 40 pm.

Fracture surfaces profiles of specimens with the sur-
face initiation of a fatigue crack were also studied on the
basis of the profilometrically constructed correlation
function. For these profiles, the correlation function has
only one slope on the entire fracture surface both near
and far from the fracture cite. The value of the linear
slope of the correlation function corresponds to the value
of the fractal dimension of the crack profile propagating
by the Paris law. The defect accumulation zone typical of
the subsurface crack initiation is undetected. This point
to fundamentally different mechanisms of surface and
subsurface fatigue crack nucleation.
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Fig. 13. The correlation function plotted by the one-dimen-
sional profile of the fracture surface of alloy VT-6 within
zones I (a) and II (b).

7. CHANGES IN ELASTIC-PLASTIC PROPERTIES
OF METALS DURING VERY HIGH CYCLE
FATIGUE

To determine changes in elastic-plastic properties
during fatigue loading, the specimens are post-test ana-
lyzed by the acoustic resonance method with the compo-
site piezoelectric vibrator using longitudinal vibrations
on frequencies of about 100 kHz. The elastic modulus
and amplitude-independent decrement are thereby mea-
sured in a wide range of strain amplitudes. Moderate
amplitudes are used to retain the dislocation structure of
the speciments; the dislocation density remains unchang-
ed after acoustic action [29]. Rods cut from initial speci-
mens measure 30 mm in length and d = 5 mm in diame-
ter. The chosen length of the specimens provided the re-
sonance frequency fof longitudinal oscillations of about
100 kHz, the elastic modulus is found as E = 4pl* /2,
where /is the length, p is the density of the specimens,
and fis the vibration frequency. The method used allows
an investigation of ultrasound attenuation (internal fric-
tion) and inelastic (microplastic) properties. The data on
inelastic properties are obtained from the measurement
of the elastic modulus £ and elastic vibration decrement
d in a broad amplitude range of vibration strain €, when
at rather large € the nonlinear amplitude-dependent dec-



Fig. 14. Appearance of Armco iron specimens as-received (a)
and prepared for elastic-plastic investigation (b).

rement J, =d—9, and amplitude-dependent defect of
the elastic modulus (AE/E), = E - E,/E; appear in the
specimen material. Here E; and 9§, are the elastic modu-
lus and decrement measured at low amplitudes, where
the modulus E and decrement d are still independent of
€. Acoustic measurements in a wide amplitude range
allow an estimation of microplastic properties of mate-
rials in stress—inelastic strain coordinates conventio-
nal for mechanical tests where stress amplitudes o = E¢

are ordinates and nonlinear inelastic strains are abscissas
e, =€(AE/E),.

The studies are conducted on Armco iron specimens
in the initial state and after a different number of cycles
of very high cycle fatigue testing. The following nota-
tions are given further for specimens:

specimen no. 1, P0—initial (without very high cycle
fatigue testing),

Fig. 15. A photomicrograph of the structure of Armco iron,
specimen PO.

Table 1. Density p, Young’s modulus £, softening value (relative
to P0), amplitude-independent decrement §; for iron in different
states measured at room temperature

Specimen|d,mm | m,g |p,g/em®| Ap/p |E,GPa|§,, 107
PO 5 4.65252| 7.8667 0 186.2 | 63.0
P1 5 4.68843| 7.8654 [ 1.6x107* | 1842 | 52.4
P2 5 4.63733| 7.8533 [1.7x1073 | 184.4 | 52.5
P3 5 4.63920| 7.8522 [ 1.8x1073 | 182.5 | 46.5
P4 5 4.50319| 7.8522 [1.8x1073 | 169.0 | 890.0

specimen no. 2, P1—the number of cycles 9.01x 108,
the load P=161 MPa,

specimen no. 3, P2—the number of cycles 2.10x10°,
the load P=161 MPa,

specimen no. 4, P3—the number of cycles 3.10x10°,
the load P=162 MPa,

specimen no. 5, P4—a cracked specimen due to very
high cycle fatigue testing.

Initial test specimens are shown in Fig. 14a. Rods cut
from these specimens have the length /=30 mm and di-
ameter d = 5 mm so that the surface layer of the central
part of the specimen remains undisturbed (Fig. 14b).
Figure 15 is a photomicrograph of the structure of speci-
men PO.

Table 1 shows the mass of specimens, their diameter,
density, softening value (relative to PO), Young’s modu-

E, GPa
. (a)
185+ s .
1751
165 T T T
0.000 0.002 Ap/p

0.000 0.002
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Fig. 16. Young’s modulus £ (a) and logarithm of Young’s mo-
dulus E (b) versus the softening value Ap/p due to increas-
ing number of cycles in very high cycle fatigue testing.



Table 2. Investigation results

Material m,g d,mm | p,g/em’ | Ap/p E,GPa | §,107°
Fe, initial (P0)| 4.65219 5.00 7.8787 - 186.2 63.0
4.68840 5.00 7.8717 | 0.8x107° | 184.2 52.4
Fe (P1) 4.43544 4.90 7.8708 | 0.9x107| 182.5 47.1
3.26927 4.22 7.8686 | 1.1x107%| 180.0 50.9
4.63726 5.00 7.8640 | 1.7x107%| 184.4 52.5
Fe (P2) 4.45456 4.90 7.8608 |2.1x107| 182.7 59.0
3.26388 4.22 7.8602 |2.2x107| 181.7 68.4
4.63924 5.00 7.8660 | 1.5x107| 182.5 46.5
Fe (P3) 4.42786 4.90 7.8660 | 1.5x107%| 182.6 52.9
3.20559 4.22 7.8660 | 1.5x107%| 182.4 69.0

Fe (P4) 4.50312 5.00 7.8526 - 169.0 890.0

lus, and amplitude-independent decrement d; of iron in
different states. The measurements are performed at
room temperature.

As evident from the obtained data, an increasing
number of cycles cause a density decrease (strain soften-
ing) in the specimens. Thus, the density value is to some
extent an indicator of the defect level (degree of damage)
[30] of the material. The elastic modulus E is also mark-
edly reduced with increasing number of cycles. Various
factors affecting the elastic modulus £ were earlier ana-
lyzed [30-34]. As it is theoretically and experimentally
shown, a growth in the dislocation density, cracks, and
pores causes a reduction in E. From this viewpoint, a sig-
nificant decrease of the modulus from state PO to P4 can
be explained obviously by the formation of these de-
fects. There is also a decrease in the elastic vibration dec-
rement O, from initial state PO to P3 and its increase on
approaching the central part of the specimen (i.e., with
decreasing diameter).

Figure 16a demonstrates the dependence of Young’s
modulus on the softening value Ap/p with increasing
number of cycles. As shown in Fig. 16b, the porosity and
Young’s modulus have a natural exponential relation-
ship.

To determine the softening value due to the crack for-
mation after very high cycle fatigue testing specimen P4
is divided into three parts. The central part (gauge
length) has the length /=11 mm, mass m=1.62199 g,
and softening value Ap/p =0.1% with respect to the end
parts of the specimen. A symmetrical decrease of the
central part length to 8 mm increases softening, which
amounts to 0.2% with respect to the end parts of the spe-
cimen. The obtained results confirm the fact that the spe-
cimen fractures precisely in the investigated central part.
Figure 17 is a photomicrograph of a crack in specimen
P4 (central part).

The next stage of research was in reducing the diame-
ter of cylindrical specimens PO—P3 from 5.00 to 4.22 mm

Fig. 17. A photomicrograph of a crack in specimen P4 at the distance of 0.15 mm to the surface.
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Fig. 18. Dependence of the softening value Ap/p on the
volume change AV/V with decreasing diameter (a) and vo-
lume of specimen P1 (b).

and determining their density and elastic-plastic charac-
teristics after each reduction in diameter. Table 2 shows
mass m, density p, softening value Ap/p (relative to P0),
Young’s modulus, and amplitude-independent decre-
ment O; of iron for specimens P1-P3. The measure-
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Fig. 19. The logarithm of Young’s modulus £ versus soften-
ing Ap/p with decreasing diameter of specimen P1 (a) and
P2 (b).

ments are performed at room temperature. The diameter
reduction of specimen PO exerted no changes in its den-
sity and elastic modulus. Optical microscopy of the spe-
cimens after each reduction of the diameter reveals no
pores and cracks on the surface of specimens P1 and P2.
A large crack is found on the surface of specimens P3
and P4 already at the initial stage at d =5 mm and later
with decreasing diameter.

According to the obtained data, a reduced diameter of
specimens P1 and P2 results in a decrease of the density
and an increase in the volume fraction of discontinuities
(pores and cracks) in the specimen. Figure 18a presents
these data for specimen P1 that illustrates that a decrease
in the specimen volume due to a reduced diameter in this
case leads to an increase in the volume fraction of soften-
ing. Figure 18b plots the dependence of softening on the
volume change associated also with a decrease of the
specimen length. For specimen P3, an increase in soften-
ing with decreasing volume is undetected. This is pro-
bably due to the fact that pores and cracks are evenly dis-
tributed throughout the specimen section. Figure 19 ex-
hibits the logarithm of the elastic modulus as a function
of softening for specimens P1 and P2 due to a decreased
diameter of the specimen. Young’s modulus is seen to
decrease, which is obviously due to an increase in soft-
ening of these specimens. Specimen P3 reveals insignifi-
cant changes in the elastic modulus. In general, the elas-
tic vibration decrement 9, tends to grow with decreasing
diameter of the specimens. However, for specimen P1
the decrement value at d = 5 mm is slightly higher than
those at4.9 and 4.22 mm.

8. RESULTS AND DISCUSSION

Various mechanisms of initiation and propagation of
fatigue cracks in metals under high cycle and very high
cycle fatigue have a variety of qualitative and quantita-
tive fractographic properties of fracture surfaces. The
developed methods of multiscale analysis enable a deter-
mination of scale-invariant characteristics (scaling pa-
rameters) of specific zones of fatigue fracture (initiation
and propagation of cracks), which are related to various
mechanisms and stages of defect development and fa-
tigue crack growth.

A quantitative analysis of the surface morphology ac-
cording to high-resolution profilometry made it possible
to find the scale invariance of the fracture surface relief
and to relate it to the self-similar nature of fatigue crack
growth in the very high cycle fatigue regime. Character-
istic scale L, and [, which determine boundaries of

sc?



the zone of the correlated behavior of defects at the crack
tip are related to phenomenological relations describing
the fatigue crack kinetics.

The analysis of the experimental data shows that an
increasing number of cycles in very high cycle fatigue
testing leads to an increase in softening of Armco iron
specimens, i.e. increases the damage degree associated
with defects (dislocations, microscopic pores and cracks).
The studies performed demonstrate that fracture occurs
in the central part of the specimen. The experimental
data allow us to conclude that the detected softening in
specimens when tested for very high cycle fatigue is due
to the formation of pores and microcracks that decrease
the density of the specimen. Independent measurements
of the elastic modulus, which decreases on account of
the formation of pores and microcracks, confirm the for-
mation of the fracture site in the specimen bulk.
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