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Abstract. For trouble-free operation without loss of elastic and inelastic properties of particularly critical elements of electrical-to-mechanical vibration
converters during a long period of cyclic operation, it is necessary, in addition to studying the fatigue characteristics of materials used for their
manufacture, to study these alloys for frequency stability, since minor deviations in the frequency of natural oscillations lead to unacceptable errors
in the operation of such high-precision products. To carry out such studies, we developed and constructed an original installation, in which sinusoidal
loading is carried out according to the “soft” scheme of flat samples cantilever bending operating in self-oscillation mode. The frequency of cyclic
loading in this installation is generated by current pulses, which are a response to the frequency of the test sample natural oscillations converted using
electronics. As a result, frequency equality is achieved in the test process. An algorithm for calculating stresses depending on the loading amplitude
of steel samples of different geometric shapes was developed. It is shown that the stress on the sample calculated by the deformation amplitude in
all cases is 8 — 10 % higher than the stress calculated by the force, regardless of the shape of the proposed samples. To verify the proposed research
method, martensitic-aging steel was tested at loads close to the fatigue limit, since frequency stability in this range is of great interest. We obtained the
frequency characteristics in the multi-cycle test area. It was determined that with an operating time of 50 million loading cycles, the frequency change
was 0.75 Hz. The dynamics of frequency stability was revealed: the frequency changed most intensively during the first 10 million loading cycles,
during this time the frequency changed by 0.54 Hz.
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Annomayus. Jlis 6e3aBapuitHOro (yHKIIMOHUPOBaHMS U O€3 II0Teph YIPYTHX U HEYTIPYTHX CBOMCTB 0CO00 OTBETCTBEHHBIX IEMEHTOB IpeoOpaszoBareneii
JNEKTPUYECKUX KOJIeOaHUH B MEXaHHMYECKHE B TCUCHHE IIUTENIBHOTO MEPUOJa LHUKINYECKOH HapaOOTKUM HEOoOXOAMMO, KPOME HCCIICIOBaHHSA
YCTAJIOCTHBIX XapaKTEPUCTHK MaTe€pUasoB, NMPUMEHSIEMbIX [UIsI UX W3TOTOBIEHMS, HUCCIIENOBATh 3TH CIUIABbI U HA YACTOTHYIO CTAOMIIBHOCTb.
DTO CBA3aHO € TEM, YTO HE3HAUUTENIbHBIC OTKJIOHEHHUS YaCTOThI COOCTBEHHBIX KONeOaHMT MPHBOAAT K HEAOMYCTUMBIM IOTPEIIHOCTAM B paboTe
TaKOT'0 POJia BEICOKOTOUHBIX M3Jeauil. it mpoBeneHus HucciaenoBaHnii pa3paboTaHa U CKOHCTPYHPOBaHA OpUTHHAIbHAS YCTaHOBKa, paboTaromas
B pEeKIME aBTOKOJIeOaHHH, B KOTOPOIi OCYIIECTBICHO CHHYCOUIaIbHOE HArPYKEHUE IIIOCKHX 00Pa3IoB 110 «MATKOW» cXeMe KOHCOIbHOTO H3ruba.
YacToTa LUKIMYECKOTO HArpy:KeHHs B YCTAHOBKE I'€HEPUPYETCsl MMITYIbCAMH TOKA, KOTOpPBIE SIBISIIOTCS OTKIMKOM Ha YacTOTY COOCTBEHHBIX
KoNeOaHUI NCIIBITBIBAEMOT0 00pasiia, IpeoOpa3oBaHHAIX C IOMOIIBIO MEKTPOHUKHU. B pesynbrare qocTHraeTcs 4acToTHOE PaBEHCTBO B IIpoliecce
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ucnbITaHui. Pa3zpaboTaH aJiropuT™ pacueTa HalpsDKeHUH B 3aBUCHMOCTH OT aMILTUTY/IbI HATPY)KEHHsT 00pa3LoB U3 CTAIN Pa3HOH reoMeTpUIeCcKoit
¢dopwmsbl. [TokazaHo, 4TO HanpspKeHHE Ha 00pasle, pacCUMTaHHOE 10 aMILTUTY/E Ae(opMalliy, BO Beex cirydasx Ha 8 — 10 % Bbliie HanpsukeHusl,
PaccUYUTaHHOTO IO CHJIE BHE 3aBUCHMOCTH OT (hopMbI 00pa3noB. J{ist BepuuKanum npeayioKeHHOro METO/1a HCCIIEI0BAaHHI MPOBEICHBI HCITBITAHUS
MapTeHCHTHO-CTAperoLIeil CTalli Ha Harpy3kax, OJM3KHUX K INpeielly yCTaJOCTH, TaK KaK HauOOJNBIIMH MHTEpeC MpencTaBisieT CTaOMIBHOCTD
4acTOTHI B 9TOM Jiuarna3oHe. [1oy4eHbl 4acTOTHBIE XapaKTePUCTUKU B MHOTOIMKIIOBON oOyiacTh ucnbiTaHuid. OnpeneneHo, 4To npu HapaboTke
B 50 MJIH IIMKJIOB HAarpy>KeHHsI U3MEHEHHe 4acToThl coctaBmiio 0,75 ', BrisiBieHa AuHaMMKa 4acTOTHOM CTaOMIBHOCTH: HanOoJIee HHTEHCUBHO
4acTOTa MEHSUIACh IIPH MepBbIX 10 MIIH IIUKIIOB HArpY)KEHHMs, 32 ATO BpeMsi OHa u3MeHmIack Ha 0,54 .

Kniouesule ci08a: crainb, ycTaloCTh, aMIUIUTY/IA Ae(OpMALIUHU, YACTOTA HATPYIKEHUS], OITOBEYHOCTh, YACTOTA COOCTBEHHBIX KOJIEOAHUI, IMKINYeCcKast

TIIPOYHOCTD, CTa0MIILHOCTD YaCTOTBI

Aas yumupoeanus: Mouibaukos B.B., JImurpres .A. MeTon n3ydeHus] 9aCTOTHON CTaOWIBHOCTH MATepUaioB MPH MCIBITAHUSIX Ha MHOTOI[H-
KJIOBYIO YCTAIIOCTh cTaiu. Mzeecmus 6y306. Yepnas memannypeus. 2023;66(3):367-375. https.//doi.org/10.17073/0368-0797-2023-3-367-375

[ INTRODUCTION

Standard fatigue tests serve the purpose of determin-
ing the mechanical properties of a material [1]. Engineers
rely on these test results for material selection and struc-
tural analysis [2].

Several cyclic test procedures exist [3 — 6]. The essen-
tial fatigue test properties to accurately simulate the part’s
operating stress and strain [7 — 10] are as follows:

— loading program determined by the cycle amplitude
form (Fig. 1);

— load scheme (Fig. 2);

— testing to a specified stress (o, MPa) (Fig. 2, a) or
strain (¢, mm) (Fig. 2, d).

Mission-critical components undergo validation using
dedicated testing machines and specialized testing pro-
cedures. For example, materials with low inelastic pro-

APy P WA G55 Pl bl

Fig. 1. Varieties of cycle amplitude forms:
a — sinusoidal cycle form (harmonic) with constant amplitude values; » — biharmonic; ¢ — with variable frequency; d — programmed block cycle;
e — with reproduction of the operational spectrum with time variable o, with or without truncation of low c,; f—harmonic cycle with single overloads

Puc. 1. PazHOBHAHOCTH (DOPM aMILIATY]] [IUKJIOB:
a — cUHycoHaNbHas opma K (TapMOHHYECKAst) C TIOCTOSTHHBIMU aMIUTUTYAHBIMHU 3HAUYCHUSIMH; b — OUTapMOHHYECKas;
¢ — C TIEPEMEHHOIT 4acTOTOMH; ¢ — IPOrpaMMHPOBAHHBIH OJIOUHBIH LUK, € — C BOCIPOU3BEACHUEM SKCILTYaTal[HOHHOTO CIIEKTpa
C IIepeMEHHOM BO BPEMEHHM G, C yCEUEHHEM HU3KHX G, MIIM O€3 MX yCedeHMs; f — rapMOHMYECKUI UK C OJMHOYHBIMH Neperpy3KaMu
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Fig. 2. Loading schemes during fatigue tests:
a — pure bending of a rotating cylindrical sample; b — pure bending in one plane; ¢ — cantilever bending of a rotating cylindrical sample;
d — cantilever cyclic transverse bending of a flat sample; e — transverse bending during rotation of the force plane;
f— axial stretching along a pulsating cycle; g — alternating torsion

Puc. 2. Cxembl Harpy>keHust IpY UCTIBITAHUSAX HA YCTAJIOCTb:
@ — YUCTBIH U3rHO BPAIAIOLIETroCs IJIMHIPUYECKOro 00pasia; b — YUCThIA N3ru0 B OAHOI MIIOCKOCTH; ¢ — KOHCOJIBHBIN H3rH0 BPAIIAIONIErocs
LHUITHHPUYECKOTO 00pasiia; d — KOHCOJIBbHBIN UKINYECKU MOMepeyHbIi H3rub MI0CKOro 00pasiia; e — MonepeyuHblil H3rud Mpu BpaleHUH
CHJIOBO# INIOCKOCTH; f — 0CEBOE PACTSHKEHHE 10 YJIbCHPYIOIIEMY [HKITY; g — 3HAKOIIEPEMEHHOE KpyUeHHe
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perties are required to make parts exposed to complex
cyclic loading and dimensionally stable components.
The inelastic properties exhibited during cyclic loading
can be described as “internal friction”, “imperfect elas-
ticity”, “damping", “mechanical hysteresis”, or “energy
dissipation” [11]. It is commonly assumed in most stu-
dies that microplastic deformations under cyclic loading
are localized and unevenly distributed due to the hetero-
geneity of the material‘s micro-properties. Another test
involves measuring the mechanical properties at different
temperatures to determine the elastic limit and activation
energy of the micro deformations [12 — 15].

The objective of this study is to develop a testing pro-
cedure for estimating the frequency stability in elastic
elements used in high-precision oscillators that convert
electrical vibrations into mechanical oscillations. Even
slight changes in frequency of natural oscillations (eigen-
frequencies) caused by variations in the elastic modulus,
material inelasticity, and of atomic and lattices vibrations
can result in unacceptable errors in electric-to-mechan-
ical oscillation conversion and premature fatigue fail-
ure [16 — 19].

[l MATERIALS AND METHODS

A frequency stability testing installation was deve-
loped as shown in Fig. 3, designed specifically for con-
ducting tests under unique stress conditions. This testing
apparatus involved the application of isothermal cyclic
loading to a flat cantilever sample, referred to as the “soft

[N

test” [20]. It employed an electromechanical oscillator
with mechanical vibration frequency precisely aligned to
the sample’s eigenfrequency, facilitating resonance oscil-
lations.

The installation comprised three distinct components
arranged separately:

— bed: this component supported both the sample and
the electromagnetic exciter;

—power supply and automation unit: responsible
for powering the electromagnetic exciter coil, this unit
adjusted the amperage and frequency as needed;

— measurement system for monitoring oscillatory
parameters.

The bed, a robust L-shaped metal structure, was
installed on vibration isolators. It facilitated the transfer
of sample oscillations to the piezoelectric accelerometer.
The operation of the installation proceeded as follows:
the sensor’s signal was transmitted to the power supply
and automation unit, which then supplied the electromag-
netic exciter coil with a frequency matching the sample’s
eigenfrequency. To prevent the overlap of vibrational
waves and enhance oscillation transfer, the bed and the
coil (assembled with the stator at one end of the electro-
magnetic exciter armature) were isolated from each other
using vibration isolators (antivibration pads).

The electromagnetic exciter coil is energized by cur-
rent pulses supplied from the power supply (Fig. 3, a).
These pulses induce an electromagnetic force that causes
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Fig. 3. Diagrams:
a — frequency stability testing installations: / — bed; 2 — sample; 3 — electromagnetic exciter; 4 — power supply and automation unit;
5 — coil of electromagnetic exciter; 6 — means of measuring parameters of the oscillatory process; 7 — ferromagnetic armature of electromagnetic
exciter; § — electromagnetic stator exciter; 9 — vibration isolators; /0 — vibration acceleration sensor; // — U-shaped ribbon core;
b —loads during cantilever cyclic transverse bending of a flat sample; ¢ — matching current pulses, electromagnetic force and elastic force
with movement of the console of the test sample in this installation

Puc. 3. Cxemsr:
a — yCTAHOBKH JUISl HCTIBITAHUI HA YaCTOTHYIO CTaOMIIBHOCTh: [ — cTaHuHa; 2 — 0Opaselr; 3 — 3IeKTPOMarHUTHbII BO30YIUTENb;
4 — OJIOK IUTAaHMSl MU ABTOMATHKH; 5 — KaTyLIKa I€KTPOMArHUTHOTO BO30YAUTENS; 6 — CPEICTBO U3MEPEHHUS [TapaMETPOB KoJeOaTebHOro ImpoLecca;
7 — heppOMArHUTHBIH SKOPb IEKTPOMATHUTHOTO BO3OYAUTENS; 8§ — CTATOP 3NEKTPOMAaTHUTHOTO BO3OYAUTENs; 9 — BUOPOU3OIATOPSI;
10 — narunk BuOGpoyckopenusi; // — [1-o6pa3Hblil 1€HTOUHBIN CepAEUHUK; b — HATPY3KH IPU KOHCOIBHOM LUKIMYECKOM MONEPEUHOM H3rude
IIIOCKOTO 00pasIia; ¢ — COIIACOBAHMS MMITYJIbCOB TOKA, YIEKTPOMATHUTHON CHIIBI U CHJIBI YIIPYTOCTH € HEpeMeeHueM KOHCOIN UCCIIETyeMOro
oOpas3La B JaHHOH yCTaHOBKe
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the armature, along with the sample, to move downward.
the When the current is interrupted, the elastic force rein-
states the sample to its original position, subjecting it to
cyclic loading. The displacement curve of the sample’s
end is illustrated in Fig. 3, c. As fatigue advances, the
eigenfrequency of the sample undergoes changes, conse-
quently modifying the frequency of cyclic loading.

Through a series of comprehensive tests, we estimated
the fatigue properties, frequency characteristics under
cyclic loading, and determined the endurance limit. The
frequency characteristics also serve as an indicator of the
sample’s rate of damage and enables estimation of its
remaining lifespan [21].

The following variables were measured in our experi-
ments:

— frequency;
— number of load cycles;

— amplitude of oscillations (measured through an opti-
cal sensor);

— amplitude of oscillations (measured via a photoelec-
tric sensor);

—amplitude of oscillations (measured using a piezo-
electric accelerometer);

— average current within the exciter coil circuit;

—the waveforms were visualized using an oscillo-
scope.

The samples illustrated in Fig. 4 were composed of the
03N18K9MST-EL steel grade. The corresponding Table
presents the dimensions of the samples.

We derived the stress within the sample’s cross-sec-
tion from the amplitude of oscillations. In order to gauge
the stress, we established a correlation between the force
applied to the sample and the displacement of the sample
at the point of force application. Subsequently, the stress
was calculated based on the force value. We also deduced
the analytical relationship between force and displace-
ment for the steady mode. It is assumed that during oscil-
lations, the forces applied to the sample (external force,
inertia, elastic force) generate the same maximum stress
and maximum displacement (vibration amplitude) as the
static force equivalent to the resultant dynamic force.

For the curved axis of a variable cross-section beam,
we employed an approximate differential equation:
2

dy
EJ(x)—=2 =
()dx2

M(x), 6]
where J(x) represents the second area moment; £ stands
for Young’s modulus; M(x) denotes the bending moment;
y is the coordinate in the force direction; x is the coordi-
nate along the beam axis.
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Fig. 4. Sketches of the samples:
a — flat samples; b — corset samples

Puc. 4. Dckusbl 00pasioB:
a — TIocKKe 00pasiibl; b — KOpCceTHbIE 00pasIbl

Dimensions of fatigue test samples, mm

Pa3Mepbl 06[)331103 JJIsl HCTIBITAHUA HA YCTAJI0CTh, MM

Sample a b / h H R
a 10 22 43 5 13 -
bl 9 20 56 5 13 | 100
b2 24 20 56 5 13 100

- STRESS VS. VIBRATION AMPLITUDE IN FLAT SAMPLES

The eference point is located at the sample’s restraint
point. The bending moment at a distance x from the restraint
point is givem by:

M=F(+a-x). )

The displacement of the sample segment with a height
d*y F(+a-x) 3
h: = ,where J, = —.
dx* EJ, 12
dy,

Initial conditions are: x = 0; y, = 0; n =0.
x

A solution for the specified initial conditions is:
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An equation for the displacement of the sample segment

2 3
with height H: d };2 = Fl+a-x) , where J, = bi
dx EJ, 1

The solution is:
gﬁcvf;x@+a—gj+q;

dx EJ,
F oy (4)
Y, :—x—(n —fj+c1X+cz.
EJ, 2
. . dy, d
Initial conditions are: x = I; D ﬁ; M=),
dx  dx

By substituting the values of x = into (3) and (4), and
solving the equations, we obtain:
J 11
al|l———1|
']1 JZ

2
E \2 J, J, E2\3

Using the constants the C, and C,, along with the equa-
tion for y, derived from (4), we are able to determine the
maximum displacement at the point of force application for
x=Il+a

3
Am:iM+£l(l+a)(i+aj L_i _
El, 3 E

Given the provided values of 4 and H, where J, > J,
(J, =208.3 mm*; J, = 3662 mm*), taking into account this
inequality and disregarding the inherent bending of the
heightened sample segment with height H, we arrive at a
more straightforward expression:

2
Am=il 2 gD, (5)
EJ, 3

The stress at the reference cross-section (the restraint
S F(l+a)

point) is:c = ——.

By expressing F from (5) and taking into account that

J . .
Wl = g, we obtain the final expression:

o L,5h(/ +a) Ed. ©)
1(3»512 +3la+ez)

For the sample dimensions indicated in Fig. 4, a, we get:
6=269-10"E4, .

For the average Young’s modulus E=2-10°MPa:
o =53.84, , where ¢ is measured in MPa, 4 in mm.

- STRESS VS. VIBRATION AMPLITUDE IN CORSET SAMPLES

We approached the analysis of displacements separately
for the curved and thickened segments.

To estimate the displacement of the curved segment, we
positioned the origin in the midpoint of this segment (at /2
from the restraint point). Consequently, the height of the
cross-section at a distance x from the origin is given by:

h(x):h+(R—\/R2—x2). %)

The bending moment at x is: M (x) = F(é +a- xj.
The equation for the displacement is derived from
3
b }; 2(x). This is further

equation (1) by substituting J, =
supplemented by 4(x) from equation (7).
The resultant equation is:

d*y, 1,5F 0,5/ +a—x
L= : ®)

2 3
d” bE (0,5h+R— Rz—xz)

The value of x is in the range: —é <x<1,.

A computer-generated solution of differential equa-
tion (8) for x = 0.5/: produces the displacement y, and
a
angle 6, = Ly
For the estimation of the displacement of the thickened
segment, we positioned the origin at a distance / from the
sample’s restraint point.

The equation describing the displacement of this seg-

. dz)’z F(a—-x) bH?
ment is: PR EJ, »where J, =
The solution for this equation is:
d
%:gx[ag}q;
e
, ©)
F x x
Vy=———|a——|+Cx+C,,
Es, 2\ 3 |
where 0 <x <a.
.. .. dy,
Initial conditions are: x = 0; 0,,, = d—;y2 =Vim:
s

Resultingin C, =0, ;C,=y, .

By substituting x = a into (9), we find y, at the point of
force appli%ation, which is the amplitude of oscillations:

F a
m _+91ma+ylm'
EJ, 2
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Due to the substantial value of J,, the first term of this
expression is significantly smaller compared to the other
two and can be disregarded.

Let us denote 6], and ¥, the values derived from equa-

tion (9) for L5F =1.
bE

C15F L5F
Thenelm:elmﬁ;ylm:ylmﬁ‘

The amplitude of oscillations is:

1,5F
A == 0 a+y ). 10
m bE ( 1m ylm) ( )
The stress in the sample cross-section at the center
F(0,5]+ a)
of the curved segment: 6 = Y

By expressing F' from equation (10) and considering
n . .
W = P we arrive the final expression:

oo 2U+2a) .

11
PO, i) o

The problem was addressed through numerical solu-
tions. Computer calculations for the b1 and b2 samples
(with dimensions provided in the table and Fig. 4)
yielded:

—sample b1: 0], =59.84; y/, = 1853.2;

—sample b2: 0], = 84.1; |, =2532.4.

From equation (11), we obtain:

—sample (b1): 6 =24.75-10°EA4, , MPa;

—sample (b2): 6 = 18.3-10°EA, , MPa.

Considering the average Young’s modulus £ = 2-10° MPa:
—0=49.54, for sample bl;

— 0 =36.64, for sample b2.

Here, ¢ is measured in MPa and 4, in mm.

- ERROR ESTIMATION OF THE STRESS VALUE
IN THE REFERENCE CROSS-SECTION

If direct measurement errors for variations in Young’s
modulus and the geometric dimensions of the sample are
available, we can estimate the error of the indirectly mea-
sured o as stated in equation (6)

A
205,45, +9,,
(¢)

(12)

AE . .
where &, 7z is the relative error of Young’s modulus;

S5, = % is the relative error of the amplitude;
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SQ:A—h+ ! +1+ 2/ +3a Al +
h a+l [ 5 /2
3la”+ab+—
3
1 [+2a
+ > |Aa— (13)

atl a’ +al +—
3

is the relative error of the sample’s dimensions.
The relative error of the amplitude of oscillations has
been previously determined as: 6, = 0.01 (1 %).
The relative error of the sample’s linear dimensions is
estimated as (13):
6,=0.0123 (1.23 %). (14)
There is inherent uncertainty in the value of Young’s
modulus. Available sources specify that for high elastic
steels, this value varies from 1.9-10° to 2.1:10° MPa. In
this context AE = +10* MPa should be considered as the
error in Young’s modulus:
0, =0.05 (5 %). (15)
The total error of the estimated stress in the reference
section is given by:

Ac
—=0.0723 (7.23 %). (16)
e}

For validation purposes, we employed static calibra-
tion to estimate the stress in the sample. This involved
applying static loading to the sample with the force F,
measured using a reference dynamometer. The stress in
the sample is then estimated from the force value using
equation

6F (I +
o= M

e (17)

We simultaneously recorded readings from the refe-
rence dynamometer and the linear displacement gauge
(which measured strain under load).

The following values were obtained:

c,=5014,-10°, Pa,
_6(l+a)

- — F=0.596-10°F, Pa;
bh

for sample a
c,=4854,-107°, Pa,
_6(2+a)

Gp= — F=0.444-10"F, Pa.
bh

for sample b

This reveals that stress values estimated from strain
and measured by the reference dynamometer differ by
no more than 10 %.
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To assess this outcome, let us calculate the error of
the stress value derived from equation (17). It is the sum

of the force measurement error 6 = 3 and the sample’s

. . . Al+Aa  Ab zAh
linear dimension error 6, = +— :
l+a b h
Ao _5, +5,. (18)
o

Given that we measured the sample with a pre-
cise micrometer, Aa=Al=Ab=Ah=0.01l mm and
8,=0.00075 (0.075 %), which is a very low error. The
primary contributor to the total error is the force measure-
ment by the reference dynamometer, which is approxi-
mately 1 % and corresponds to the instrument’s calibra-
tion error.

The stress calculated from strain 6, is 8 — 10 % higher
than the stress calculated from the force o, for both sam-
ples depicted in Fig. 4, a and b. This divergence can be
attributed to several factors: the error in Young’s modulus
value; the assumptions made when deriving the equations
for 6, and systematic error overlooked during instrument
calibration.

[ RESULTS AND DISCUSSION

We employed the proposed procedure to conduct a
test a sample composed of 03H18KIMST-EL steel grade
(Fig. 4, a). The focal point of our investigation lies in
the frequency stability when subjected to loads near the
fatigue limit. We scrutinized the frequency characteris-
tics of a sample under 670 MPa load applied at ~200 Hz.
Notably, the frequency deviation from the initial value
displayed an upward trend denoted by positive values
and a downward trend with negative values. The sample
underwent a total of 50 million loading cycles. The maxi-
mum frequency deviation recorded was 0.75 Hz, making
it the most stable frequency among all the samples. Inter-
estingly, a significant frequency shift was observed within
the initial 10 million load cycles, amounting to 0.54 Hz.
The sample underwent continuous testing, with a load
cycle of 10 million cycles per day. The frequency of the
sample exhibited changes following overnight interrup-
tions. Specifically, after a 10-hour pause, the morning
frequency surpassed the frequency recorded the night
before.

In Fig. 5, a, two envelope curves are depicted. Curve /
portrays the frequency when the testing installation is
operational, while Curve 2 represents the frequency
once the testing installation is halted after daily opera-
tion. Curve / delineates the alteration in the initial fre-
quency (“on” frequency), whereas Curve 2 showcases the
modification in the final frequency (“off” frequency). The
daily fluctuations in frequency during the cyclic testing
period fall within the range delineated by the two curves.

Aw

0.6 -

0.4

Aw

04 |

0 1-10" 210" 310 410 N

Fig. 5. Frequency characteristics during cyclic loading
with interruptions in tests:
1 — frequency at the moment of switching on;
2 — frequency at the moment of shutdown

Puc. 5. YacToTHBIE XapaKTEPUCTHKH TP HUKIMYECKOM HATPYKSHUU
C TIepepbIBaMU B MCITBITAHUSIX:
1 —9acToTa B MOMEHT BKJIOYEHHST; 2 — 4YaCTOTa B MOMEHT OTKJIFOUSHUS

Another frequency response is illustrated in Fig. 5, b,
represented by a discontinuous line. The vertical steps
correspond to frequency shifts following overnight inter-
ruptions. The sloped lines indicate daily frequency varia-
tions as the number of load cycles increases.

[ ConcLusIONs

We proposed a procedure along with equations to esti-
mate stresses on steel samples of various shapes. This
estimation allows us to assess the frequency characteristic
alterations during cyclic loading, following the “soft” can-
tilever bending scheme applied to flat samples with sinu-
soidal loading. This approach proves to be an effective tool
for analyzing the frequency stability and variations in non-
continuous fatigue tests. Moreover, it can be employed to
gauge material internal friction and energy dissipation,
facilitating the determination of damping capacity.

[ REFERENCES / CNUCOK IUTEPATYPbI

1. Shkol’nik L.M. Fatigue Testing Methodology. Guide. Mos-
cow: Metallurgiya; 1978:304. (In Russ.).

Ilkonbauk JI.M. Memoouka ycmanocmuulx ucCnolmaHuil:
Cnpasounux. Mocksa: Mertamnyprusi; 1978:304.

2. Gadolina 1.V., Makhutov N.A., Erpalov A.V. Varied app-
roaches to loading assessment in fatigue studies. Interna-
tional Journal of Fatigue. 2021;144:106035.
https.//doi.org/10.1016/].ijfatigue.2020.106035

373


https://doi.org/10.1016/j.ijfatigue.2020.106035

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2023;66(3):367-375.
MuinvHukos B.B., [lmumpues 3.A. MeToz n3y4yeHus YaCTOTHOM CTabUIbHOCTH MaTEPHUAJIOB IPY UCTIBITAHUSAX HA MHOTOLUKJIOBYIO ...

10.

11.

12.

374

Suresh S. Fatigue of Metals. Cambridge University Press;
2006:701.

Terent’ev V.F., Korableva S.A. Fatigue of Metals. Moscow:
Nauka; 2015:479. (In Russ.).

TepentbeB B.®., Kopabnesa C.A. Yemanocms memannos.
Mocksa: Hayka; 2015:479.

Gromov V.E., Ivanov Yu.F., Vorobiev S.V., Konovalov S.V.
Fatigue of Steels Modified by High Intensity Electron Beams.
Cambridge; 2015:272.

Mughrabi H., Christ H.-J. Cyclic deformation and fatigue of
selected ferritic and austenitic steels; specific aspects. ISIJ
International. 1997;37(12):1154-1169.
https://doi.org/10.2355/isijinternational.37.1154

Gadenin M.M. Study on damaging and fatigue life of const-
ructions under single- and two-frequency loading modes
based on deformational and energy approaches. Inorganic
Materials. 2018;54(15):1543—-1550.
https://doi.org/10.1134/S0020168518150049

Gadenin M.M. Influence of loading cycle form on resistance
to cyclic deformation and destruction of structural materials.
Vestnik nauchno-tekhnicheskogo razvitiya. 20103(9(37)):
15-19. (In Russ.).

lagennn M.M. Brnusuue ¢opmbl LUKIAa HAarpy>keHusl Ha
CONPOTHBIICHUE UKINUECKOMY 1e(hOPMUPOBAHHIO U pa3py-
[ICHUIO KOHCTPYKLMOHHBIX MaTEPUAJIOB. BeCmHuK HaAyuHo-
mexnuueckozo pazeumust. 2010;(9(37)):15-19.

Myl’'nikov V.V., Shetulov D.I., Kondrashkin O.B., Cher-
nyshov E.A., Pronin A.I. Changes in fatigue resistance of
structural steels at different loading spectra. Izvestiya. Fer-
rous Metallurgy. 2019;62(10):796-802. (In Russ.).
https://doi.org/10.17073/0368-0797-2019-10-796-802

MsusnukoB B.B., lerymnos [.U., Konnpamkun O.b., Uep-
ubioB E.A ., IIponun A 1. M3MeHeHue noka3aTesneit conpo-
TUBJICHUS] YCTAJIOCTU KOHCTPYKIMOHHBIX CTajled HpH pas-
JIMYHBIX CIIEKTpax HarpyxeHus. Mzeecmus 6y306. Yepnas
Memannypeus. 2019;62(10):796—802.
https://doi.org/10.17073/0368-0797-2019-10-796-802
Gadenin M.M. Calculation-and-experimental estimation of
the role of the frequency ratio in changing the endurance at
two-frequency deformation modes. Zavodskaya laborato-
riya. Diagnostika materialov. 2019;85(1-1):64-71. (In Russ.).
https://doi.org/10.26896/1028-6861-2019-85-1-1-64-71
l'agenun M.M. PacuerHo-3KCIIEepUMEHTaNIbHAs OLICHKA
POJIM COOTHOILICHHSI 4acTOT B M3MEPEHUU JOJITOBEYHOCTHU
IpU JIBYXYaCTOTHBIX pexuMax aedopmupoBaHus. 3a600-
ckas aabopamopus. Juaenocmuxa mamepuanog. 2019;
85(1-1):64-71.
https.//doi.org/10.26896/1028-6861-2019-85-1-1-64-71
Troshchenko V.T., Khamaza L.A., Pokrovsky V.V., etc.
Cyclic Deformation and Fatigue of Metals. Bily M. ed.
Amsterdam: Elsevier; 1993:500.

Golovin S.A., Tikhonova L.V. Temperature dependence of
internal friction and properties of deformed low-carbon iron
alloys. Deformatsiya i razrushenie materialov. 2013;(7):
16-21. (In Russ.).

Tonoun C.A., Tuxonosa M.B. TemmeparypHas 3aBucH-
MOCTb BHYTPEHHETO TPEHHs U CBOICTBa 1e(OpMHPOBAHHBIX

13.

14.

15.

16.

17.

18.

19.

20.

21.

MaJIOyIJIEpOAUCTBIX CIUIABOB kenesa. Jepopmayus u pazpy-
wenue mamepuanog. 2013;(7):16-21.

Golovin S.A., Petrushina A.G. Temperature spectrum of
internal friction of cast iron. Izvestiya. Ferrous Metallurgy.
2009;52(9):51-54. (In Russ.).

TonoBun C.A., Ilerpymmna A.I. TemmeparypHbId CIIEKTp
BHYTPEHHETO TPEHUS WyTYHOB. M3secmus 6y306. Yephnas
memannypeusi. 2009;52(9):51-54.

McClaflin D., Fatemi A. Torsional deformation and fatigue
of hardened steel including mean stress and stress gradient
effects. International Journal of Fatigue. 2004;26(7):773-784.
https://doi.org/10.1016/].ijfatigue.2003.10.019

Golovin LS., Bychkov A.S., Mikhailovskaya A.V., Dobat-
kin S.V. Contributions of phase and structural transforma-
tions in multicomponent Al-Mg alloys to the linear and non-
linear mechanisms of anelasticity. The Physics of Metals and
Metallography. 2014;115(2):192-201.
https://doi.org/10.1134/S0031918X14020082

Tonosun U.C., BerukoB A.C., Muxaiinosckas A.B., Jlobar-
kun C.B. Bxinag (a3oBbIX M CTPYKTYPHBIX IPEBpAILCHUI
B MHOTOKOMIIOHEHTHbIX AL-MG crutaBax B JIMHEiHbIE U
HEJIMHEWHBbIC MEXaHU3Mbl HEYNPYrocTH. Dusuka mMemaiios
u memannoseoenue. 2014;115(2):204.
https://doi.org/10.7868/ S0015323014020089

Kardashev B.K., Sapozhnikov K.V., Betekhtin V.I., Kadom-
tsev A.G., Narykova M.V. Internal friction, Young’s modu-
lus, and electrical resistivity of submicrocrystalline titanium.
Physics of the Solid State. 2017;59(12):2381-2386.
https://doi.org/10.1134/S1063783417120204

Blanter M.S., Golovin L.S., Neuhduser H., Sinning H.R.
Internal friction in metallic materials. Springer Series in
Materials Science. 2007;90:1-535.
https://doi.org/10.1007/978-3-540-68758-0

Stolyarov V.V. Inelasticity of ultrafine-grained metals.
Izvestiya. Ferrous Metallurgy. 2010;53(11):51-54. (In Russ.).

CronsipoB B.B. Heynpyrocts yibTpaMenko3epHUCTBIX MeTall-
noB. Uszeecmus 8y3os. Yepnas memannypeus. 2010;53(11):
51-54.

Romaniv O.N., Laz’ko L.P., Krys’kiv A.S. Relationship of
internal friction to the fatigue life of patented steel wire.
Soviet Mater Science. 1984;19:522-527.
https://doi.org/10.1007/BF00722120

Myl’nikov V.V,, Shetulov D.1. Installation for fatigue testing.
Patent RF no. 2781466. Bulleten’ izobretenii. 2022;(29). (In
Russ.).

ITat. 2781466 RU. Yemanoska ons ucnvimanuil na ycma-
nocms / MputbHukoB B.B., Illerynos JI.1.; 3as81. 14.09.2021;
omy61. 12.10.2022. Brox. Ne 29.

Demidov A.S., Kashelkin V.V. Determination of damage
and stress state of beam samples by changing the natural
frequency and amplitude of vibrations. Vestnik Moskovskogo
aviatsionnogo instituta. 2009;16(3):62—64. (In Russ.).

Hemunos A.C., Kamenkun B.B. Onpenenenue noBpexieH-
HOCTH ¥ HANPsDKEHHOTO COCTOSTHMST 0aJOUHBIX 00pa3IoB MO
W3MEHEHUIO COOCTBEHHOM 4YacTOThI M aMILIUTYAbI KoleOa-
HUI. Becmuux MocKkogckoeo asuayuonno2o uncmumymada.
2009;16(3):62—64.


https://doi.org/10.2355/isijinternational.37.1154
https://doi.org/10.1134/S0020168518150049
https://doi.org/10.17073/0368-0797-2019-10-796-802
https://doi.org/10.17073/0368-0797-2019-10-796-802
https://doi.org/10.26896/1028-6861-2019-85-1-I-64-71
https://doi.org/10.26896/1028-6861-2019-85-1-I-64-71
https://doi.org/10.1016/j.ijfatigue.2003.10.019
https://doi.org/10.1134/S0031918X14020082
https://doi.org/10.7868/ S0015323014020089
https://doi.org/10.1134/S1063783417120204
https://doi.org/10.1007/978-3-540-68758-0
https://doi.org/10.1007/BF00722120

1ZVESTIYA. FERROUS METALLURGY. 2023;66(3):367-375.
Myl’nikov V.V, Dmitriev E.A. A method for studying the frequency stability of materials during tests for multi-cycle fatigue of steel

Vladimir V. Myl’nikov, Cand. Sci. (Eng.), Assist. Prof. of the Chair “Build-
ing Technology’, Nizhny Novgorod State University of Architecture,
Building and Civil Engineering

ORCID: 0000-0001-5545-4163

E-mail: mrmylnikov@mail.ru

Eduard A. Dmitriev, Dr. Sci. (Eng.), Assist. Prof,, Rector, Komsomolsk-
on-Amur State University

ORCID: 0000-0001-8023-316X

E-mail: rector@knastu.ru

Baadumup Buxkmoposuu MblibHUKO8, K.m.H., doyeHm Kagedpbl
«TexHo102uU cmpoumenbcmea», HuxeropoJckui rocyapcTBeHHbINH
ApPXUTEKTYPHO-CTPOUTENbHbINA YHUBEPCUTET

ORCID: 0000-0001-5545-4163

E-mail: mrmylnikov@mail.ru

Jdyapd Anamoavesuu JAmumpues, d.m.H., doyenm, pekmop, Komco-
MOJIbCKMI-Ha-AMype rocy/japCTBEHHbIH YHUBEPCUTET

ORCID: 0000-0001-8023-316X

E-mail: rector@knastu.ru

Received 12.02.2023
Revised 12.03.2023
Accepted 11.04.2023

Tlocrynuna B penakiuio 12.02.2023
Iocne nopadorku 12.03.2023
Ipunsra x my6nukamuu 11.04.2023

375


https://orcid.org/0000-0001-5545-4163
mailto:mrmylnikov@mail.ru
http://orcid.org/0000-0001-8023-316X
mailto:rector@knastu.ru
https://orcid.org/0000-0001-5545-4163
mailto:mrmylnikov@mail.ru
http://orcid.org/0000-0001-8023-316X
mailto:rector@knastu.ru

