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The paper presents an experimental methodology for assessing the ultra-high-cycle resource as applied to titanium VT1-0
in the submicrocrystalline and nanostructured states. The program for testing very-high-cycle loading (number of cycles
107-10°) has been experimentally implemented. An “in situ” technique for determining the accumulation of irreversible
fatigue damage was used. This technique is based on the analysis of nonlinear manifestations of the feedback signal in a
closed system of an ultrasonic fatigue unit. This makes it possible to establish a connection between microscopic mechanisms
of fatigue and model concepts and to consider the stages of damage development based on the nonlinear kinetics of defect
accumulation during cyclic loading in the regimes of high- and very-high-cycle fatigue. A mathematical model of a deformable
solid based on wide-range constitutive relations of the statistical theory of defects is presented. The proposed model contains
a structural scaling parameter that allows one to describe the deformation behavior and fracture of the material under study
in various structural states. The effect of damage accumulation under gigacycle loading is described. Numerical calculations
predict well the experimental Wohler curves. In an axisymmetric formulation, a boundary value problem is solved — the
process of emergence of a crack originating inside the material is modeled.
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IIporHosupoBaHye yCTaTOCTHOM JOITOBEYHOCTH
tTaHa BT1-0 B pa3nm4HbIX CTPYKTYPHBIX COCTOSHUAX
IIPY CBEPXMHOTOIIMK/IOBOM YCTATOCTH
Jlemon [I. P.*2, banuukos M. B.!, O6opus B. A.!, basguaus 0. B.!, Hatimapk O.B.!

'MHCcTUTYT MeXaHuKY cIUIomHbIX cpet YpO PAH, Ilepmb, 614013, Poccusa
*Qusnko-texHydeckuit MHCTUTYT UM. A. . Vlopde PAH, Cankr-IleTepbypr, 194021, Poccus

B pabore npuBeeHa sKCIiepyMeHTaIbHAsA METOJO/IOIIS OLIEHKM CBEPXMHOTOIIVIK/IOBOTO Pecypca IPMMEHUTEIbHO K TUTAHY
BT1-0 B cyOMMKpOKPMCTa/UIMYECKOM M HAHOCTPYKTYPUPOBAHHOM COCTOAHMAX. OKCIEPUMEHTAalbHO peaan30oBaHa
IporpaMMa MCIIBITAHUIT CBEPXMHOTOLMKIIOBOTO HArpy>KeHMs (KOMM4ecTBO IMKIOB 107-10°) ¢ mpMMeHeHNeM MeTOAVKMN
«in situ» oIpefeNeHNs HAKOIUIEHVsA HeOOPaTMMBbIX YCTATOCTHBIX MOBPEXJEHWI, OCHOBAaHHOI Ha aHa/lu3e HeIVMHEIHbIX
HPOsIB/IEHNUIT CUTHa/Ta 06PATHOI! CBA3M B 3aMKHYTOJI CUCTEME YIbTPasBYKOBOIT yCTa/IOCTHOI YCTaHOBKM, KOTOPAs IO3BOJAET
YCTAaHOBUTD CBA3b MUKPOCKOIMYECKUX MEXaHM3MOB YCTAJIOCTU C MOJIeIbHBIMM TIPECTABIeHUAMH, @ TAK)Ke pacCMaTpUBaTh
CTaJIMITHOCTD PasBUTHUA TIOBPEKIEHHOCTM HA OCHOBE HEMMHENHOM KMHETMKM HaKOIUIeHMsA fiedeKTOB B IIpoliecce
IVIK/INYECKOTO HArpPy>KeHUs B PEXMMAX MHOIO- M TMTAIMKIOBOil ycramocTtu. IlpemcTaBneHa mareMaruyeckass MOJENIb
medopMMpyeMoro TBEPHOTo Tena, 6asMPYIAACH Ha MIMPOKOAMNATIA30HHbIX OIpe/e/AIIINX COOTHOMEHUAX CTaTUCTUYeC-
Kol Teopyn fedektoB. IIpenokeHHas MOIeIb COTEP>KUT IMapaMeTp CTPYKTYPHOTO CKEVINMHTA, TI03BOJIAIOINIT OIMChIBATD
TedopMalIOHHOe MOBeleHNe U PaspylleHne CCIeAyeMOro MaTepuasa B PasIuuHbIX CTPYKTYPHBIX coCToAHNMAX. Onucan
3¢ deKT HaKOMIeHNU MOBPEXAEHHOCTY MPY TUTALVKIOBOM HarpyxKeHyu. UncIeHHble pacuéThl XOPOIIO IPefiCKa3bIBal0T
9KCIIepMMeHTaIbHble KpyBble Bénepa. B ocecuMMeTpnyHOI IIOCTaHOBKE pellleHa KpaeBasd 3a/jada — CMOJIeNMPOBaH IIPOIiece
BBIXOJIa Ha TIOBEPXHOCTD TPEIIMHbI, 3apOAMBIIEiCSA BHYTpM MaTepuara.

Kmouesbie cmoBa: Tutan BT1-0, paspymurenne, TUraimkiaoBas yCTamoCThb.
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1. Introduction

Determination of the origin of fatigue cracks is one of the
most important fundamental problems for various fields
of application, especially when it comes to very-high-cycle
(gigacycle) [1] fatigue (VHCF) with a crack origin inside the
material. A characteristic feature of the development of fracture
under gigacycle fatigue is the decisive influence on the fatigue
life of the crack initiation stage. At the same time, the qualitative
difference is the formation of a fatigue crack in the bulk of the
material [1-2], which decisively changes the formulation of
the problem of assessing the fatigue life, methods for studying
the stages of development of fracture. In the field of high-cycle
fatigue, the focus is on the crack propagation stage. Under
gigacycle fatigue, a fundamental problem arises about crack
initiation during multiscale damage development processes
associated with defects of various nature (inclusions, localized
plastic shear bands, microcracks, pores).

The formation of an ultrafine-grained structure by the
methods of severe plastic deformation leads to a significant
increase in the strength properties of metallic materials both
in quasi-static [3-7] and cyclic tests [8-11]. Therefore, the
study of the fatigue characteristics of titanium alloys with an
ultrafine-grained structure is an urgent task. When studying
the mechanisms of formation of fatigue cracks [1,11-12], it
is noted that the staging of fracture is characterized by the
effects of “irreversibility” related to localized shears. This
aspect plays a key role in the initiation of a fatigue crack, with
pronounced nonlinearity of the elastic behavior of materials.
The technique of analysis of nonlinear vibrations [13-15] has
been widely used for assessing the initiation and growth of
fatigue cracks [16-20]. This technology allows “in situ” to
assess the state of material damage during testing based on the
manifestation of anomalies of elastic properties, measured by
the amplitude of the second harmonic of the free end of the
sample. Laboratory tests make it possible to substantiate the
applicability of mathematical models capable of adequately
describing fracture processes under fatigue loading.

2. Material and Experiment Conditions

Technical pure titanium VT1-0 was selected as the material
under study in two states: submicrocrystalline (SMC) with
a characteristic grain size of 193 nm and nanostructured
(NS) with a characteristic grain size of 117 nm. These states
are obtained by combining the methods of helical rolling
with longitudinal section rolling and described in [21].
The structure of these materials is described and studied
in [22-24]. This material is used for products with high
strength, sufficient ductility and viscosity, high resistance
to fatigue fracture. It is used in mechanical engineering,
instrument making, instrumental industry, for the
manufacture of products of cryogenic technology, as well as
in medicine for the manufacture of implants.

The samples, which are cylinders with variable cross-
section (Fig. 1), were subjected to cyclic tests (with the cycle
asymmetry coefficient R=-1) on a Shimadzu USF-2000
resonant-type testing machine with a frequency of 20 kHz.
During loading, the samples were subjected to abundant
air cooling with compressed air. The stress amplitude was

determined through displacements according to analytical
formulas. The testing machine software performs the opposite
procedure, allowing the voltage amplitude to be set, which is
converted to the displacement amplitude.

SMC and NS states exhibit a scatter of properties (Fig. 2).
For example, at practically identical stresses, the number of
cycles to failure differs by orders of magnitude. Nevertheless,
certain trends can be identified. The SMC state demonstrates
a greater endurance limit in the VHCF region — 320 MPa
based on 2-10° cycles, and the NS state on the same base
shows 250 MPa.
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Fig. 1. Geometry of specimens for fatigue tests. Dimensions are in mm.
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Fig. 2. (Color online) Results of fatigue tests for SMC and NS states.
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3. Method for assessing material damage during
fatigue tests by vibrations of the free end

Oscillations of the free end of the sample during testing will
contain a number of harmonic components: components
with amplitude A, at the fundamental frequency w,
amplitude A, of the second harmonic at frequency 2w, and
so on. Let us introduce the nonlinearity parameter ¢, which
is determined experimentally by measuring the absolute
amplitudes of the signals of the first A and second A,
harmonics corresponding to the nonlinear law of elasticity:

o= A (6—”j+(1jA; (6—”J2 b= A K%J—lﬁf (6—”j2 +}
oa 2 oa oa) 2 oa

where o is the load, u is the displacement, a is the spatial
coordinate, A¢and A¢ are the elastic coefficients of the second
and third order, respectively. Introducing the nonlinearity
coefficient:

e _ e e
B*=-A /A
Then the wave equation can be represented as:

ou ou ou
= 1-B = ||| — |,
or? ¢ |: P (aaﬂ(aazj

where u is the component of the displacement vector in the a
direction, ¢ is the longitudinal speed of sound, and ¢ is time.
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Its solution, taking into account that the perturbation of the
end,

u = u, cos(mt),

will have the form:

u =u, +u, cos(ot)+u,sin(2(ot —ka)) +...,

where
= 1
27 q12pe,,2,°
8k“Bu;a
k=w /v — wave number. Then:
e _ 8u,
K*ula
In the study of nonlinear phenomena in the gigacycle
fatigue mode by measuring the amplitudes of the fundamental
and second harmonics, the relative parameter is determined:

B.ouie = P/ B;>; where (¢ refers to undamaged material. To
determine the nonlinearity coefficient, let us logarithm:

log (B) =log (k) +log(u,)—2log(u,),
A, =20log(u,), A, =20log(u,),

then:

20log(P) =20log(k)+20log(u,) —40log(u,),
20log(B)=K+A, -2A,.

Thus, the relative parameter of nonlinearity can be found
from the formula:

20log(B/B,) =(A, -2A))—(A,—-24)),.

The amplitude was measured with an inductive sensor
with a signal recording frequency of 10 MHz. Time intervals
of 65536 points with a recording frequency of 100 kHz were
analyzed.

Despite the fact that the process of fatigue crack formation
is of a purely local nature, the formation of internal defects
contributes to the integral characteristics of the material, such
as Young’s modulus. It is assumed that the sensitivity of the
inductive displacement sensor makes it possible to capture
such changes in the vibration amplitude. It can predict the
onset of crack initiation and will make it possible to create
new methods for monitoring and preventing fatigue failure.
The change in the second harmonic amplitude in this work
is associated with the presence of internal defects. An abrupt
change signals a significant change in elastic modulus caused
by a large defect such as a crack. The developed “feedback”
system analyzed the average value of the second harmonic
amplitude. If it began to increase sharply, it stopped testing
and signaled the possible initiation of a fatigue crack. An
example of measurement results is shown in Fig. 3. It can be
seen that an avalanche-like increase in the second harmonic
amplitude is observed at the moment preceding the failure.

4. Mathematical Modeling

The proposed mathematical model for describing fracture
under fatigue loading, based on the wide-range constitutive

relations of the statistical theory [25-26], has the following
form:

pv=V-o, (1)
p+pV-v=0, (2)
1
D=—(Vv+Vv'),
2( v+Vv ) (3)
6=0,+0,, GSZ§GIE’ (4)
6“ =A(D:E)E+2G(D-£" -p), (5)
6f=6-R-R"-6+G-R-R, (6)
p e U(T) OF
& =g exp(k—T)(FUO'—l"pG%), 7)
U oF
p=¢, exp( T )(FPGG_F"%)’ ®)
) ©)
s=—irr, L
00
U(T):LTmH’ (10)
Y'Lm
F_ 2—p—2+c +¢,In(c,+c,p+ 2)—M (11)
Fm 2 25 1p 2 3 4P p 2G ’

ch:G:éP—a—F:p+(xAT, (12)
op

where p is the mass density; v is the velocity vector; o is the
stress tensor, 6_and o, are its spherical and deviatorial parts;
V(:) is the gradient operator in the current configuration; (-)
is the material derivative; D is the strain rate tensor, € is
the plastic strain tensor; A and G are elastic constants of
the material; E is the unit tensor; &, = (2/3)D:D /¢,
€,=1 s7' is the dimensionless multiplier; k is the Boltzmann
constant; [, T , T , T are positive kinetic coefficients; n,, n,
n, are constants responsible for the velocity sensitivity of the
material; F is the potential of nonequilibrium free energy;
p is the tensor of the density of microshears, which in its
physical meaning is a deformation caused by defects;
p=+/p:p; O is the parameter of structural scaling, which
in its physical meaning is the ratio of two characteristic

A, p/p.

—

0 N
1-108 3-108

Fig. 3. (Color online) Amplitude of the first (blue line) and second
(red line) harmonics in normalized units for a sample tested
at 300 MPa, NS-state. The black line shows the graph of the
accumulation of defects in the numerical calculation.
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dimensions (distance between defects and size of defects)
in a cube; ¢ is the specific heat capacity; a is the thermal
conductivity coefficient; T is the temperature; A(-) is the
Laplace operator; F , ¢, —c, — constants of approximation of
the free energy F; T, m are constants of approximation of the
characteristic activation energy U; R is the orthogonal tensor
of the polar decomposition of the deformation gradient
F=R-U, where U is the right symmetric positive definite
distortion tensor.

To identify the parameters of the model, we used the
approach proposed earlier [26].

Model parameter values for VT1-0:

SMC-state: I’ =2.9-10” (Pa-s)™, 1“pq=1.7-10*10 (Pa-s)7,
FP=1.3 107" (Pa-s)™, I ;=117 (Pa-s)”, n = n,=0.985,
n,=1.9, G=40-10° Pa, § =1.3.

NS-state: I =2.9-10° (Pa-s)7, 1“p(}=1.7-10*10 (Pa-s)7,
I“P=1.3-10*11 (Pa-s), I,=11.7 (Pa-s)™, n£=nP=0.99, n,=1.6,
G=40-10°Pa, §,=1.5.

The values of the parameter § reflect the current structural
state of the material. Values less than 1 correspond to a brittle
material. Values from 1 to 1.3 correspond to typical plastic
materials. Values more than 1.3 correspond to nanostructured
materials. The condition 8<8~0.4 was used as a fracture
criterion, the meaning of which is that the size of defects reaches
a critical value. The simulation results are shown in Fig. 3-6.

We can say that the calculations and experiments are
in good agreement. Experimental points that do not fall on
the calculated S-N-curve are inconsistent for the Wohler
curve in principle, since a decrease in stress amplitude with
an increase in the number of cycles should be observed
(Fig. 4,5). However, the outliers can be considered a different
structural state of the material (within the framework of
the NS or SMC state). “Hitting” the drop-out points can be
achieved by setting the initial condition to a different value §,.
In particular, if instead of § =1.5 set § =1.8, then it is possible
to predict the “drop-out” experiment (the calculation results
are shown in Fig. 3). It can be seen that the proposed model
is not only capable of describing the Wohler curve, but also
qualitatively reflects the process of damage accumulation
under fatigue loading.

Eqs. (4,5,7-12) are embedded in the Abaqus package
using the custom VUmat procedure for 2D and 3D modeling.
Direct numerical simulation of the growth of a fatigue crack
and its emergence to the surface using the finite element
method has been carried out. The process of laboratory
specimen loading is considered in an axisymmetric
formulation (the geometry is shown in Fig. 6 on the left).
Direct calculation of the initiation and growth of a fatigue
crack during VHCF even in an axisymmetric formulation
will take a significantly long computation time. Therefore, an
option is considered when the crack has already begun (the
last 10° cycles before fracture). When the fracture criterion is
reached in a specific finite element, it is given zero stiffness in
the further calculation. This method of fracture modeling is
an alternative to removing the corresponding element from
the calculation. The results are shown in Fig. 6. In Fig. 6
shows the intensity field of the microshear density tensor
referred to its characteristic value. The nonlinear dynamics of
crack growth is described qualitatively: at the beginning it is
slow, and at the end — an avalanche-like growth.
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Fig. 4. Experimental (points) and calculated Wohler curves for VI'1-0
in the SMC state.
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Fig. 5. Experimental (points) and calculated Wohler curves for VT'1-0
in the NS state.

Fig. 6. (Color online) Calculation of fatigue crack growth: 5.0-10°
cycles (a), 8.0-10° cycles (b), 9.5-10° cycles (c), 9.9-10° cycles (d).

4., Conclusion

An experimental study of VTI1-0 titanium in various
structural states has been carried out. It is shown that the
endurance limit based on 10° cycles for the SMC state is
higher than for the HC state: 320 and 250 MPa, respectively.

The proposed technique, based on the analysis of the
vibration amplitude of the free end of the sample, makes it
possible to track the accumulation of damage in the material
in real time.
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The proposed mathematical model makes it possible to
adequately describe the deformation behavior and fracture of
the materials under study under fatigue loading. The solution
to the boundary value problem of the growth of a subsurface
crack demonstrates the possibility of using the constructed
model for calculating the strength and durability of real
structures and separately taken critical structural elements.

Acknowledgements. This work was supported by the
Russian Science Foundation, project no. 19-12-00221.

References

1. C.Bathias, P. Paris. Int.]. Fatigue. 32 (6), 894 (2010). Crossref

2. Z.Huang, D. Wagner, C. Bathias, P.C. Paris. Acta Mater.
58 (18), 6046 (2010). Crossref

3. M.A. Meyers, A. Mishra, D.]. Benson. Progress in
materials science. 51 (4), 427 (2006). Crossref

4. I.A.Ovid’ko, R.Z. Valiev, Y. T. Zhu. Progress in materials
science. 94, 462 (2018). Crossref

5. E.V.Naydenkin, I. V. Ratochka, I. P. Mishin, O.N. Lykova,
N.V. Varlamova. Journal of Materials Science. 52 (8),
4164 (2017). Crossref

6. E. Naydenkin, G. Grabovetskaya, K. Ivanov. Materials
Science Forum. 683, 69 (2011). Crossref

7. A. Vinogradov, S. Hashimoto. Materials Transactions. 42
(1), 74 (2001). Crossref

8. H.W. Hoppel. Materials Science Forum. 503 -504, 259
(2006). Crossref

9. V.E Terentey, S. V. Dobatkin, S. A. Nikulin, V.I. Kopylov,
D.V. Prosvirin, S.O. Rogachev, I.O. Bannykh. Russian
Metallurgy. 2011, 981 (2011). Crossref

10. H. Mughrabi. Philosophical Transactions of the Royal
Society A: Mathematical, Physical and Engineering
Sciences. 373 (2038), 20140132 (2015). Crossref

11. T. Sakai. Jour. Solid Mech. and Mat. Eng. 3 (3), 425 (2009).
Crossref

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

426

Y.-D. Li, L.-L. Zhang, Y.-H. Fei, X.-Y. Liu, M.-X. Li. Int.
J. Fatigue. 82 (3), 402 (2016). Crossref

J.H. Cantrell, W.T. Yost. Int. J. Fatigue. 23 (1), 487 (2001).
Crossref

A. Kumar, C.J. Torbet, T.M. Pollock, J.J. Wayne. Acta
Mater. 58 (6), 2143 (2010). Crossref

A. Kumar, R.R. Adharapurapu, J. W. Jones, T. M. Pollock.
Scr. Mater. 64 (1), 65 (2011). Crossref

A. Demcenko, R. Akkerman, P. B. Nagy, R. Loendersloot.
NDT & E International. 49, 34 (2012). Crossref

Y. Yang, C.T. Ng, A. Kotousov, H. Sohn, H.]. Lim.
Mechanical Systems and Signal Processing. 99 (1), 760
(2018). Crossref

J. Kober, Z. Prevorovsky. NDT & E International. 61 (1),
10 (2014). Crossref

Z. Su, C. Zhou, M. Hong, L. Cheng, Q. Wang, X. Qing.
Mechanical Systems and Signal Processing. 45 (1), 225
(2014). Crossref

P.Liu, H. Sohn, T. Kundu, S. Yang. NDT & E International.
66, 106 (2014). Crossref

Yu.R. Kolobov. Nanotechnologies in Russia. 4 (11-12),
758 (2009). Crossref

S.S. Manokhin, A. Y. Tokmacheva-Kolobova, Y. Y. Karlagina,
V.I. Betekhtin, A.G. Kadomtsev, M.V. Narykova,
Y.R. Kolobov. Journal of Surface Investigation. 15 (1), 59
(2021). Crossref

M.V. Narykova, A.G. Kadomtsev, V.I. Betekhtin,
Yu.R. Kolobov, S.S. Manohin, A.Yu. Tokmacheva.
Journal of Physics: Conference Series. 1697 (1), 012113
(2020). Crossref

B.K. Kardashev, M.V. Narykova, V.I. Betekhtin,
A.G. Kadomtsev. Physical Mesomechanics. 23 (3), 193
(2020). Crossref

O.B. Naimark. Physical mesomechanics. 6 (4), 39 (2003).
D. A. Bilalov, V. A. Oborin, O. B. Naimark, M. V. Narykova,
A.G. Kadomtsev, V.I. Betekhtin. Technical Physics
Letters. 46 (4), 397 (2020). Crossref



https://doi.org/10.1016/j.ijfatigue.2009.03.015
https://doi.org/10.1016/j.actamat.2010.07.022
https://doi.org/10.1016/j.pmatsci.2005.08.003

https://doi.org/10.1016/j.pmatsci.2018.02.002

https://doi.org/10.1007/s10853-016-0508-1

https://doi.org/10.4028/www.scientific.net/MSF.683.69

https://doi.org/10.2320/matertrans.42.74

https://doi.org/10.4028/www.scientific.net/msf.503-504.259
https://doi.org/10.1134/S0036029511100119

https://doi.org/10.1098/rsta.2014.0132

https://doi.org/10.1299/jmmp.3.425
https://doi.org/10.1016/j.ijfatigue.2015.08.021
https://doi.org/10.1016/S0142-1123(01)00162-1
https://doi.org/10.1016/j.actamat.2009.11.055

https://doi.org/10.1016/j.scriptamat.2010.09.008

https://doi.org/10.1016/j.ndteint.2012.03.005

https://doi.org/10.1016/j.ymssp.2017.07.011

https://doi.org/10.1016/j.ndteint.2013.09.001

https://doi.org/10.1016/j.ymssp.2013.10.017

https://doi.org/10.1016/j.ndteint.2014.06.002

https://doi.org/10.1134/S1995078009110020

https://doi.org/10.1134/S1027451020060373

https://doi.org/10.1088/1742-6596/1697/1/012113

https://doi.org/10.1134/S1029959920030029

https://doi.org/10.1134/S1063785020040197

