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Abstract: We conducted a study on fatigue in flat samples of the VT3-1 titanium alloy using “soft” cyclic beam bending tests. For this
purpose, we developed an innovative electromagnetic test bench. The test bench's electromechanical system induces mechanical vibrations
at a frequency that matches the eigenfrequency of the sample, ensuring that the cyclic load frequency remains constant. The electromagnetic
force bends the sample while the elastic force unbends it, producing a quasi-sinusoidal cyclic load. Through our investigation, we determined
the impact of this cyclic loading on both cyclic strength and durability. Our findings indicate that the VT3-1 titanium alloy possesses high
resistance to fatigue and an endurance limit. Furthermore, we observed a low variability of the experimental fatigue resistance in relation
to the approximating fatigue curve, suggesting the alloy has high structural stability. This finding indicates that the VT3-1 titanium alloy
possesses high structural stability. To assess eigenfrequency stability, we subjected the alloy samples to cyclic tests, interrupting them at a
reference number of 50 million cycles to evaluate changes in eigenfrequencies and stability under loads close to the fatigue limit. The results
showed that the titanium alloy has a high level of eigenfrequency stability. Interruptions in cyclic tests resulted in jump-like increases in
eigenfrequencies, which was not observed in continuous tests. Nevertheless, the total eigenfrequency deviations from the initial value at the
end of the tests were similar in both cases.
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Annoramusa: ViccienoBaHbl 00pa3iibl TUTAHOBOTO cryiaBa BT3-1 Ha ycTanocTh pu HarpyKeHUU MO «MATKOI» cXxeMe KOHCOJIbHOTO
n3ruba miIockux oopasuos. [1as Takux uccieoBaH il Oblaa pa3paboTaHa opUrnHadbHas 2JeKTpOMarHuTHas ycTaHOBKa. B Heii pea-
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JIM30BaHa paboTa Ha OCHOBE JIEKTPOMEXaHMUECKON CUCTEMBI, B KOTOPOI BO3OyXAeHMEe MEXaHUYECKUX KOJIeOaH Ui OCYILeCTBIISIETCS
ncxois U3 COOCTBEHHON YacTOThI KoJieOaHU S UCITBITYEMOTro oOpaslia, T.e. peaju3yeTcs peXXuM, KOrjia 4acToTa BO30y X Aatouleil CUJIbl
(4acToTa UMKJIMYECKOTO HATPyXEeHM ) BCETJa paBHA 4YacTOTe COOCTBEHHBIX KojebaHuit oOpa3ua. M3rubd odbpasua npousBoaUTCS
2JIEKTPOMATHUTHOU CUJIOH, a pa3rud MPOUCXOAUT MO AeCTBUEM CHUJI YIIPYTOCTH MaTepuasa, TeM caMbiM o0ecredynBaeTCs K-
yeckoe HarpyxeHue, 06J1M3Koe K CMHycouaaibHOoMy. M3yueHO BAMSIHUE pealn3yeMOro B NaHHOW yCTAHOBKE BUIA IIUKIMYECKOTO
HarpyXeHHusl Ha UMKJIUYECKYIO MPOYHOCTb U J0JTOBEUHOCTh. YCTAHOBJICHO, YTO UCCAEAYEMbIif TUTAHOBBII CIJIaB UMEET BbICOKHUE
XapaKTepUCTUKU ITOKa3aTeJseil CONPOTUBIEHUSI YCTAJIOCTU U NIpeesia BBIHOCIMBOCTHU. B Xo/1e MpoBeIeHHBIX HCCIel0BaHU I OTMEUEH
HeO0O0JIbIION pa3dpoc IKCIEPUMEHTATbHBIX 3HAYEHU I CONPOTUBJIEHUS YCTAJOCTU 00pa31l0B OTHOCUTEbHO alllpPOKCUMUPYIOLLEi
JIMHUU KPUBOW YCTAJIOCTHU, YTO CBUJETEIBCTBYET O BBICOKOU CTAOMJIBHOCTU CTPYKTYPHO-UYBCTBUTEIbHBIX CBOUCTB TUTAHOBOTO
cnaBa BT3-1. Takske ucciaenoBaHbl 00pa3iibl 3TOrO CIJIaBa Ha YaCTOTHYIO CTA0MJIBHOCTD. 32 KOHTPOJIbHOE YMCJIO HAapaboTKU ObLIO
npuHATO 50 MJIH UUMKJIOB HAarpyXeHusl, MPU KOTOPBIX MPOBOAMIACH CPABHUTEIbHASI OLIEHKAa U3MEHEHUST YaCTOTHBIX XapaKTepu-
ctuk. [IpeacraBieHbl YaCTOTHBIE XapaKTePUCTUKU U BbISIBJIeHA JMHAMMKA YaCTOTHOM CTAOMJIBHOCTU UCTbITAHUN 00pa3LoB MpuU
Harpyskax, 0JM3KUX K Mpeaeay ycTaJoCTH. YCTAaHOBJIEHO, YTO UCCAeAYEeMbIil TUTAHOBBII CIJIaB UMEET BICOKME 3HAYEHU ST YaCTOT-
HOU cTabuibHOCTU. [1pu 3TOM nepepbiBbl B UMKIUYECKUX UCTIBITAHUSX MPUBOAST K CKAUKOOOPa3HOMY MPUPOCTY YaCTOTHI, a MPHU
HEIMpPEPBIBHBIX UCTIBITAHU X TAKOTO HE HAa0JI10Ja10Ch, OAHAKO 0011lee OTKJIOHEHHWE YACTOThl OT MEPBOHAYAIbHON K KOHILYy UCTIbITA-
HUI TPUMEPHO OJUHAKOBOE.
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Introduction

Inelastic materials are commonly utilized for
manufacturing spring elements that operate under
complex cyclic loading, as well as components that
maintain their dimensions under loads [1—7]. Inelas-
tic properties observed under cyclic loading can be
referred to as internal friction, imperfect elasticity,
damping, mechanical hysteresis, energy dissipation,
or cyclic load ductility [8]. Many researchers posit
that microplastic deformations arising from cyclic
loading are local and sporadic due to the heteroge-
neity of the material micro-properties. Meanwhile,
others utilize dynamic mechanical analysis under
temperature variations to determine changes in elas-
tic strength and activation energy of the micro defor-
mations [9—12].

We employed a novel experimental procedure to
assess the stability of eigenfrequency in materials uti-
lized for manufacturing elastic elements in high-pre-
cision emitters which convert electrical oscillations
into mechanical vibrations. Even minor fluctuations
in eigenfrequency, resulting from changes in elastic
modulus, inelasticity properties, and atom/lattice
oscillations, can lead to unsatisfactory oscillation
conversion errors and early onset of fatigue failure
[13—16].

The aim of this study is to evaluate the cyclic strength
and eigenfrequency stability of flat samples made of the
VT3-1 titanium alloy under “soft” cyclic beam bending
tests.

Materials and methods

We designed and constructed a specialized auto-os-
cillating electromagnetic bench (see Fig. 1) for conduct-
ing cyclic beam transverse bending tests on flat samples
[17]. The electromechanical system induces mechanical
vibrations at a frequency equivalent to the eigenfrequen-
cy of the sample (thus, the cyclic load frequency always
matches the sample eigenfrequency). The electromag-
netic force bends the sample while the elastic force un-
bends it, producing a quasi-sinusoidal cyclic load (see
Fig. 2).

We produced flat samples following the design de-
picted in Fig. 3. The stress in the reference cross-section
of the sample was determined by analyzing the vibration
amplitude. The proposed method involves establishing a
correlation between the force applied to the sample and
the sample displacement at the point of application and
then estimating the stress based on the known force. We
identified the analytical force-displacement relationship
for the steady mode. It is assumed that under cyclic loads,
the forces applied to the sample (inertia, elasticity, and
external forces) generate maximum stress and displace-
ment equal to those produced by a static load with a mag-
nitude equivalent to the dynamic resultant force.

We tested the VT3-1 high-strength titanium alloy
with the following chemical composition (wt.%): 85.95—
91.05 % Ti;0.2—0.7 % Fe; upto 0.1 % C; 0.15—0.4 % Si;
0.8—2 % Cr; 2—3 % Mo; up to 0.05 % N; 5.5—7 % Al,
up to 0.5 % Zr; up to 0.15 % O; up to 0.015 % H; other
impurities: 0,3 % (GOST 19807-91).
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Fig. 1. Vibration stability test bench

1—bed, 2—sample, 3 — electromagnetic exciter, 4 — power supply and control components, 5 — solenoid coil, 6 — oscillation measuring
system, 7 — ferromagnetic yoke, & — stator, 9 — dampers, 10 — accelerometer, 11 — I1-shaped tape core

Puc. 1. Cxema ycTaHOBKM JJ1s1 UCTTBITAHWI Ha YaCTOTHYIO CTAOMJIBHOCTD

1 — ctanuHa, 2 — obpa3selr, 3 — 2IEKTPOMArHUTHBIN BO30yauTens (OM), 4 — 610K TUTaHWS U aBTOMATUKH, 5 — KaTyIka DM,

6 — U3MepUTeNbHAS CHCTeMa TTapaMeTPOoB TMpoliecca KonebaHuii, 7 — peppoOMarHUTHBIN SIKOPb 3JIEKTPOMAarHUTHOTO BO30YIUTEIS,
& — cTaTop 3JEKTPOMArHUTHOTO BO30yaUTEs1, 9 — BUOPOU30IATOPLI, 10 — 1aTYMK BUOPOYCKOPEHMSI,

11 — T1-00pa3HbIil IEHTOYHBII CepIeUHUK
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Fig. 2. Cyclic beam transverse bending of a flat sample (@). Synchronization of the current pulses, electromagnetic force,
and elasticity force with the sample displacement (b)

Puc. 2. HarpyxeHue mo cxeMe KOHCOJbHOTO IIMKJIMYECKOI0 MOMepeuHOro n3ruba miockoro oopasia (a) u corjacoBaHue
MMITYJbCOB TOKA, 3JIEKTPOMArHUTHOW CUJIbI M CUJIBI YIIPYTOCTHU C IepeMellieHeM KOHCOJIM MCCIeayeMOoro oopasiia
B pa3paboTaHHOI ycTraHOBKe (b)
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Fig. 3. Dimensional drawing of the test samples
Puc. 3. Dckus u pazmepsl 00pa310B TSI UCTIBITAHUS
The service life was set to be 50 million cycles, 900 -2 MPa
and we halted the fatigue tests each night, with the 200
samples being stored under normal loading condi- 200
tions. 0 ° o
As the stress approached the fatigue limit, the tests 6007
became more prolonged, and we kept the test bench op- 500+
erating overnight. However, we observed that the eigen- 4007 T ™ ™
10 10 10 100 N

frequency of the sample altered after an overnight pause,
whereby in the morning, following a 10-hour interrup-
tion, it was higher than the previous night when the test
was halted.

Fatigue test results
and discussion

Fig. 4 illustrates the fatigue curve obtained from the
beam transverse self-oscillating bending tests conducted
on the flat samples. The fatigue resistance, represented by
the slope of the fatigue curve (tgo,, = 0.0394), was found
to be low (or very low compared to [18]), while the en-
durance limit (6_; = 600 M Pa) was high. The fatigue test
results displayed in Fig. 4 exhibited low variability when
compared to the approximating fatigue curve, indicating
the high stability of the alloy’s structural properties.

According to papers [19, 20], the number of cycles
(V) vs. stress (tgo,) curve becomes steeper as the dam-
ageability under cyclic loading increases. It is worth not-
ing that the opposite triangle leg of tgo.,, represents the
stress in the sample, while the adjacent leg represents the
number of cycles to failure:
toa, = dlgo '

dlgN

Fig. 4. VT3-1 titanium alloy fatigue curve after annealing
atr=870°C

Puc. 4. KpuBas ycraaoctu TuTaHoBoro crtaBa BT3-1
nocJjie otxkura rnpu ¢t = 870 °C

The physical significance of tga,, is related to the
propagation rate of local plastic deformation in the
surface layer. In the case of beam transverse bending
tests, only the surface layer of the sample undergoes
plastic deformation, while the rest of the sample ex-
periences clastic deformation. As a result, the propa-
gation rate of plastic deformation in the surface layer
is affected by the elastic deformation of the rest of the
sample.

The slope angle of tga, indicates the increase
in the number of cycles with respect to stress.
A smaller tgo., value corresponds to a longer time
to failure even under high loads. On the other
hand, a steeper slope angle of the fatigue curve
correspond to a higher tgo,, value and a lower en-
durance of the sample. This means the VT3-1 tita-
nium alloy features a low failure rate under cyclic
loading.
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Eigenfrequency test results
and discussion

The key point is to investigate the eigenfrequen-
cy stability under loads close to the fatigue limit. To
achieve this, individual samples were tested for eigen-
frequency stability under the specified load. The sam-
ples used for the eigenfrequency tests had been subject-
ed to different numbers of loading cycles. In order to
make comparisons between the samples, the maximum
eigenfrequency deviation (Aw) is assumed to be the ei-
genfrequency change from the initial value after 50 - 106
cycles. A positive Am deviation represents an increase
in the eigenfrequency, while a negative deviation rep-
resents a decrease.

Fig. 5 and 6 depict the eigenfrequencies of two VT3-1
titanium alloy samples under loads close to the fatigue
limit.

Fig. 5, a displays two envelope curves, with the upper
curve indicating the initial eigenfrequency and the lower
curve representing the final eigenfrequency as the test
bench was stopped after a daily run. The daily eigenfre-
quency changes during the cycle testing are contained
within the area between the two curves.

In Fig. 5, b the eigenfrequencies are presented as a
single polyline. The vertical steps signify the eigenfre-
quency changes following overnight breaks, while the
sloped lines indicate the daily eigenfrequency variations
as the number of load cycles increases.

The sample in Fig. 5, operated at 550 MPa stress, ex-
hibited a total eigenfrequency deviation of 0.27 Hz. This
deviation corresponds to the eigenfrequency deviation
observed during the reference number of cycles (50 min
cycles). However, the largest eigenfrequency deviation of
0.36 Hz was observed approximately in the middle of the
sample’s service life, with the highest deviation occur-
ring after the first 10 million cycles.

The total eigenfrequency deviation observed in the
sample operated at 630 M Pa stress in Fig. 6 was 0.34 Hz,
which decreased to 0.32 Hz after the reference number
of cycles (50 mIn). No other significant eigenfrequency
changes were detected. The largest eigenfrequency vari-
ation occurred after the first 10 million cycles, similar to
the previous case.

It is worth noting that the observed eigenfrequency
deviation was small (0.36 Hz), and its change during the
overnight break was only 0.1 Hz.

Other researchers [21—25] have reported that fatigue
test interruptions have little to no effect on the fatigue
limit but may result in increased cycles to failure. How-
ever, in the case of eigenfrequency tests, our results in-
dicate that interruptions do affect the eigenfrequency of
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Fig. 5. Sample eigenfrequency variations (a)
and deviations (b) vs. the number of load cycles

Initial eigenfrequency wy = 231.28 Hz, load 6 = 550 MPa

Puc. 5. I'pacdbmnyeckue nzodpaxeHust UBMEHEHUs (a)
M OTKJIOHEHU S (b) yacTOThI KoJiebaHUt oOpa3ia
B 3aBUCMMOCTH OT KOJIMYECTBA IIUKJIOB HATPYKECHUS

HauanbHas yactora oy = 231,28 i1, Harpyska ¢ = 550 MI1a

the samples. Specifically, we observed a 0.1 Hz increase
in eigenfrequency when the test bench was turned on
in the morning compared to when it was turned off the
night before.

To provide a comparison, we conducted contin-
uous tests on two samples of VT3-1 titanium alloy
and found that the maximum cigenfrequency varia-
tion for sample / was +0.45 Hz, while for sample 2, it
was —0.09 Hz. This means that the eigenfrequency of
sample / continuously increased, while that of samp-
le 2 slightly decreased.

We also compared the eigenfrequencies recorded in
the continuous and intermittent tests. The continuous
tests did not result in any eigenfrequency jumps typical
of the tests interrupted at night, but the overall eigen-
frequency deviations from the initial value by the end of
the tests were approximately the same. These findings
further support the high stability of the titanium alloy
eigenfrequency.
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Continuous tests of the VT3-1 titanium alloy samples”

o *
PesynbraThl HEeNMpPepbIBHBIX UCITBITAHUI 00pa31lloB M3 TUTAHOBOTO ciyiaBa BT3-1

Sample /

Number of cycles, mln. Frequency change, Hz

1.9 0.13
5.4 0.15
9.5 0.12
12.8 0.22
14.5 0.27
20.3 0.31
23.1 0.38
24.7 0.37
26.3 0.37
27.2 0.43
29.8 0.42
323 0.45
33.5 Failure

Sample 2
Number of cycles, min. Frequency change, Hz

2.0 0.01

4.5 —0.03
5.4 —0.07
10.5 —0.06
14.8 —0.04
19.0 —0.04
233 —0.05
24.2 —0.07
259 —0.08
26.1 —0.11
27.6 —0.10
28.6 —0.09
29.4 Failure

“Sample 1. Stress U= 550 MPa, initial eigenfrequency = 231.28 Hz; sample 2: U= 580 MPa, o, = 238.8 Hz.

Aw, Hz
4

0.
0.3 w

0.2 1

TN e

10 N, 10’

0 1 2 3 4 5 6 7 8 9

Fig. 6. Sample eigenfrequency deviations vs. the number
of load cycles

Initial eigenfrequency w, = 236.9 Hz, load ¢ = 630 MPa
Puc. 6. I'padryeckoe n300paxkeHe OTKIOHEHU I YaCTOThI

KoJiebaHuMt oOpa3iia B 3aBUCUMOCTU OT KOJIMYECTBa
LIMKJIOB HATPYKEH U

HauvanbHast yacrora my = 236,9 I, Harpyska 6 = 630 MI1a

Conclusion

The fatigue behavior of VT3-1 titanium alloy flat
samples was assessed using a “soft” self-oscillating cyclic
beam bending test. The results indicated high fatigue re-
sistance, with tga, value of 0.0394 and an endurance lim-

it of 6_; = 600 MPa. The fatigue test results also showed
low variability relative to the approximating fatigue curve,
suggesting high stability of the VT3-1 alloy eigenfrequen-
cy. The maximum eigenfrequency deviation observed was
0.36 Hz. However, cyclic test interruptions resulted in a
jump in eigenfrequency of 0.1 Hz. Comparing the results
of continuous and intermittent tests showed that both tests
resulted in a similar total eigenfrequency deviation.

Overall, the VT3-1 alloy is well-suited for the man-
ufacture of dimensionally stable components with low
inelastic properties.
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