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Abstract: We conducted a study on fatigue in f lat 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.

Keywords: titanium alloy, fatigue resistance, eigenfrequency stability, cyclic loading frequency, eigenfrequency, endurance limit, durability, 

cyclic strength

For citation: Shetulov D.I., Mylnikov V.V., Dmitriev E.A. Titanium alloy fatigue strength and eigenfrequency stability. Izvestiya. Non-Ferrous 

Metallurgy. 2023;29(2):74–82. https://doi.org/10.17073/0021-3438-2023-2-74-82

Усталостная прочность и частотная стабильность 
титанового сплава
Д.И. Шетулов1, В.В. Мыльников1, Э.А. Дмитриев2

1 Нижегородский государственный архитектурно-строительный университет
   603950, Россия, г. Нижний Новгород, ул. Ильинская, 65

2 Комсомольский-на-Амуре государственный университет
   681013, Россия, г. Комсомольск-на-Амуре, пр-т Ленина, 27

  Владимир Викторович Мыльников (mrmylnikov@mail.ru)

Аннотация: Исследованы образцы титанового сплава ВТ3-1 на усталость при нагружении по «мягкой» схеме консольного 

изгиба плоских образцов. Для таких исследований была разработана оригинальная электромагнитная установка. В ней реа-
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лизована работа на основе электромеханической системы, в которой возбуждение механических колебаний осуществляется 

исходя из собственной частоты колебания испытуемого образца, т.е. реализуется режим, когда частота возбуждающей силы 

(частота циклического нагружения) всегда равна частоте собственных колебаний образца. Изгиб образца производится 

электромагнитной силой, а разгиб происходит под действием сил упругости материала, тем самым обеспечивается цикли-

ческое нагружение, близкое к синусоидальному. Изучено влияние реализуемого в данной установке вида циклического 

нагружения на циклическую прочность и долговечность. Установлено, что исследуемый титановый сплав имеет высокие 

характеристики показателей сопротивления усталости и предела выносливости. В ходе проведенных исследований отмечен 

небольшой разброс экспериментальных значений сопротивления усталости образцов относительно аппроксимирующей 

линии кривой усталости, что свидетельствует о высокой стабильности структурно-чувствительных свойств титанового 

сплава ВТ3-1. Также исследованы образцы этого сплава на частотную стабильность. За контрольное число наработки было 

принято 50 млн циклов нагружения, при которых проводилась сравнительная оценка изменения частотных характери-

стик. Представлены частотные характеристики и выявлена динамика частотной стабильности испытаний образцов при 

нагрузках, близких к пределу усталости. Установлено, что исследуемый титановый сплав имеет высокие значения частот-

ной стабильности. При этом перерывы в циклических испытаниях приводят к скачкообразному приросту частоты, а при 

непрерывных испытаниях такого не наблюдалось, однако общее отклонение частоты от первоначальной к концу испыта-

ний примерно одинаковое.
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(ЧЦН), собственная частота колебаний (СЧК), предел выносливости, долговечность, циклическая прочность

Для цитирования: Шетулов Д.И., Мыльников В.В., Дмитриев Э.А. Усталостная прочность и частотная стабильность титанового 

сплава. Известия вузов. Цветная металлургия. 2023;29(2):74–82. 

https://doi.org/10.17073/0021-3438-2023-2-74-82

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 f luctuations 

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; up to 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).



76

Izvestiya. Non-Ferrous Metallurgy  •  2023  •  Vol. 29  •  No. 2 •  P. 74–82

Shetulov D.I., Mylnikov V.V., Dmitriev E.A. Titanium alloy fatigue strength and eigenfrequency stability

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, 8 – stator, 9 – dampers, 10 – accelerometer, 11 – П-shaped tape core

Рис. 1. Схема установки для испытаний на частотную стабильность

1 – станина, 2 – образец, 3 – электромагнитный возбудитель (ЭМ), 4 – блок питания и автоматики, 5 – катушка ЭМ, 

6 – измерительная система параметров процесса колебаний, 7 – ферромагнитный якорь электромагнитного возбудителя, 

8 – статор электромагнитного возбудителя, 9 – виброизоляторы, 10 – датчик виброускорения, 

11 – П-образный ленточный сердечник

Fig. 2. Cyclic beam transverse bending of a flat sample (a). Synchronization of the current pulses, electromagnetic force, 

and elasticity force with the sample displacement (b)

Рис. 2. Нагружение по схеме консольного циклического поперечного изгиба плоского образца (а) и согласование 

импульсов тока, электромагнитной силы и силы упругости с перемещением консоли исследуемого образца 

в разработанной установке (b)
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Fig. 3. Dimensional drawing of the test samples

Рис. 3. Эскиз и размеры образцов для испытания

Fig. 4. VT3-1 titanium alloy fatigue curve after annealing 

at t = 870 °C

Рис. 4. Кривая усталости титанового сплава ВТ3-1 

после отжига при t = 870 °С

Sample dimensions, mm

a B l h H

10 22 43 5 13

The service life was set to be 50 million cycles, 

and we halted the fatigue tests each night, with the 

samples being stored under normal loading condi-

tions. 

As the stress approached the fatigue limit, the tests 

became more prolonged, and we kept the test bench op-

erating overnight. However, we observed that the eigen-

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 (tgαw = 0.0394), was found 

to be low (or very low compared to [18]), while the en-

durance limit (σ–1 = 600 MPa) 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 

(N) vs. stress (tgαw) curve becomes steeper as the dam-

ageability under cyclic loading increases. It is worth not-

ing that the opposite triangle leg of tgαw represents the 

stress in the sample, while the adjacent leg represents the 

number of cycles to failure:

The physical significance of tgαw 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 elastic 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 tgαw indicates the increase 

in the number of cycles with respect to stress. 

A smaller tgαw 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 tgαw value and a lower en-

durance of the sample. This means the V T3-1 tita-

nium alloy features a low failure rate under cyclic 

loading.
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Fig. 5. Sample eigenfrequency variations (a) 

and deviations (b) vs. the number of load cycles

Initial eigenfrequency ω0 = 231.28 Hz, load σ = 550 MPa

Рис. 5. Графические изображения изменения (а) 

и отклонения (b) частоты колебаний образца 

в зависимости от количества циклов нагружения

Начальная частота ω0 = 231,28 Гц, нагрузка σ = 550 МПа

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 (Δω) is assumed to be the ei-

genfrequency change from the initial value after 50 ·106 

cycles. A positive Δω 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 mln 

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 MPa stress in Fig. 6 was 0.34 Hz, 

which decreased to 0.32 Hz after the reference number 

of cycles (50 mln). 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 

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 eigenfrequency varia-

tion for sample 1 was +0.45 Hz, while for sample 2, it 

was —0.09 Hz. This means that the eigenfrequency of 

sample 1 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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Fig. 6. Sample eigenfrequency deviations vs. the number 

of load cycles

Initial eigenfrequency ω0 = 236.9 Hz, load σ = 630 MPa

Рис. 6. Графическое изображение отклонений частоты 

колебаний образца в зависимости от количества 

циклов нагружения

Начальная частота ω0 = 236,9 Гц, нагрузка σ = 630 МПа

Continuous tests of the VT3-1 titanium alloy samples*

Результаты непрерывных испытаний образцов* из титанового сплава ВТ3-1

Sample 1 Sample 2

Number of cycles, mln. Frequency change, Hz Number of cycles, mln. Frequency change, Hz

1.9

5.4

9.5

12.8

14.5

20.3

23.1

24.7

26.3

27.2

29.8

32.3

33.5

0.13

0.15

0.12

0.22

0.27

0.31

0.38

0.37

0.37

0.43

0.42

0.45

Failure 

2.0

4.5

5.4

10.5

14.8

19.0

23.3

24.2

25.9

26.1

27.6

28.6

29.4

0.01

–0.03

–0.07

–0.06

–0.04

–0.04

–0.05

–0.07

–0.08

–0.11

–0.10

–0.09

Failure

* Sample 1. Stress U = 550 MPa, initial eigenfrequency ω0 = 231.28 Hz; sample 2: U = 580 MPa, ω0 = 238.8 Hz.

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 tgαw value of 0.0394 and an endurance lim-

it of σ–1 = 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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