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According to world statistics, the main share of destruction in engineering practice occurs precisely because of fatigue, there-
fore, the fatigue problem is one of the most pressing scientific and technical problems of our time, which solution requires
additional complex experimental and theoretical studies. The paper presents the experimental studies results of the effect of
deep cooling on low-cycle fatigue and cyclic creep of stainless structural steel 03X20N16AG6 under conditions of a pulsating
cycle of an external load change with a frequency of 0.033 s™! (2 cycles/min) in air and environments of liquid refrigerants
(nitrogen and helium) at temperatures of 293, 77 and 4.2 K, respectively
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CBiTOBa CTaTUCTHKA CBiYUTH, II0 OCHOBHA YacTKa PyWHYBaHb B {H)KCHEPHil MPAKTHLI BiAOYBa€ThCs Yepe3 yTOMY KOHCTPYK-
wiit 1 marepianis. ToMy npoGiema BTOMH € OJHI€IO 3 HAWOIIBLI aKTyaIbHUX HAYKOBO-TEXHIYHHX 3aBJaHb CY4acCHOCTI, BUPI-
IIeHHS SIKOT MOTpebye M0JaTKOBUX KOMIUIEKCHUX €KCIEePHMEHTAIBHHX 1 TEOPEeTHIHHUX NOCTipKeHb. Cepen BiIoBinaIbHIX
KOHCTPYKIH 1 00'€KTiB HU3bKOTEMIIEPATYPHOTO MPU3HAYEHHS IIIPOKOTO ITOMHUPEHHsT Ha0yiu 3BapHi BEIMKOrabapUTHI €MHO-
CTi 1 pe3epByapH, 10 1epeOyBaroTh i THCKOM IpH Temrepatypax Bix 293 o 4,2 K. Taki OyzaiBenbHI KOHCTPYKILi1, IPAIIOI0Th
B yMOBaxX IUKJIIYHOTO BiJ HYJIIEOBOTO PO3TATYBAHHS, IO ITOBTOPIOETHCSA 3 HU3BKOIO YacTOTOIO. Taki yMOBH HaBaHTa)KCHHS
BUHHUKAIOTh MPH SKCIUTyaTalil MOCYIMH Uil TPAHCIIOPTYBaHHs 1 30epiraHHs 3piPKeHUX ra3iB (KUCHIO, a30TY, BOIHIO, TeIi0),
KpiOreHHUX TPYOOIPOBO/IB, OCYIHH BUCOKOI'O THCKY, KpioreHepatopos i T.. ToMy 3aBaaHHs OLiHKH HeCydoi 3AaTHOCTI i
JIOBFOBIYHOCTI B YMOBaX BIUIMBY LIMKJIIYHHX HAaBaHTA)XCHb B IIMPOKOMY Jiala3oHi TEMIEpaTyp Mae HaJ3BHYAiHO BajKJIMBE
3Ha4eHHs. Y poOOTI HABOAATHCS PE3YJIbTATH EKCIIEPUMEHTAIBHUX JOCIIKEHb BIUTMBY MIHOOKOTr0O OXOJIOKEHHS Ha MaJIOLH-
KIIiYHAa BTOMY 1 IUKJIIYHY ITOB3Y4iCTh HepiKaBitouoi KOHCTpyKmiKHOI ctami 03X20H16AI'6 B yMOBax ITyIbCyl0UOro IUKITY
3MiHM 30BHILIHBOTO HaBaHTaXeHHs 3 yacToror 0,033 ¢! (2 uMKI/XB) Ha MOBITPi i B CEPEIOBUIAX PiJKHX XOJIOJOArEHTIB
(azorty i remiro) mpu Temmeparypax 293, 77 i 4,2 K BianmoBinHo. Pe3ynbTaty eKcriepiMEHTaIbHUX TOCHTIKEHbD ITiITBEPININ
ToH pakT, o B iHTEepBai Temneparyp 293 — 77 K Ha KpHBUX IUKITIYHOT HOB3Y4OCTI CTais IPHCKOPEHOI ITOB3YJOCTi BEIBMHU
oOMe)keHa TI0 TOBrOBIYHOCTI, a00 B3araii BiICYTHs, TOMy MOXKHA 3 YIIEBHEHICTIO CKa3aTH, L0 YUCIIO LUKIIIB 10 PYHHYBaHHI
cranmu 03X20H16AT'6 B manouukioBoi obsacti Oyne Bu3HadaTHCs ii 3AaTHICTBIO YHHUTH oMip Aedopmarii Ha cTamii cramii

Ki1ro4oBi c10Ba: KOHCTPYKIIIHI CIUIABH, TIHOOKE OXOJIOKCHHS, MAJIOIUKIIIYHA BTOMA, IIMKIIIYHA TOB3Y4iCTh
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Introduction

Metallurgy, mechanical engineering, energy, agricul-
ture, food industry, energy, electronics, rocket and
space technology - this is far from the complete list of
national economy areas in which liquid cryogenic prod-
ucts (cryoproducts). The production volumes of such
products and their use scale are constantly increasing.
This is due to the fact that cryogenic temperatures (be-
low 120 K) provide unique opportunities for the imple-
mentation of such physical phenomena and processes
that do not manifest themselves under normal condi-
tions, but are used very effectively in science and tech-
nology.

The solution of fundamental scientific problems and
applied problems of both promising and current im-
portance is determined by the level of cryogenic tech-
nology development and its practical application de-
gree.

The continuous expansion of the liquid cryoproducts
production scale has led in recent years to a significant
increase in the volume of systems production for their
storage and transportation. These systems, as a rule, are
welded shell structures in execution, they are operated
in difficult conditions of temperature and force effects.
The specific weight of their products in the total output
of cryogenic engineering products is very significant,
and the operating conditions in comparison with other
types of cryogenic structures are the most stressful.

For the manufacture of cryogenic shell structures, ex-
pensive non-ferrous alloys and special steels are used,
the consumption degree that, taking into account the
sufficient struction material consumption and the ex-
panding production scale, is constantly increasing.
Therefore, one of the most urgent for cryogenic engi-
neering at present is the problem of reducing the mate-
rial consumption of shell structures and increasing their
reliability and durability. It is obvious that a solution
to this problem for cryogenic engineering products can
be achieved by improving the methods of their strength
calculations based on taking into account the specific
hardening effect of low temperature on structural al-
loys. Low-cycle fatigue is one of the main factors de-
termining the durability (operating life) of the main
structural parts. According to world statistics, a large
part of failures in engineering occurs precisely because
of fatigue. Therefore, the fatigue problem is currently
one of the most relevant scientific and technical prob-
lems. Its solution requires additional complex experi-
mental and theoretical studies [1].

Assessing the bearing capacity and durability under
cyclic loading conditions is extremely important.

Welded large tanks and containers being under pres-
sure at a temperature from 293 to 4.2 K are widespread
among critical structures and units for low-temperature
purposes. Such building structures operate under con-
ditions of zero-to-tension stress cycle repeated at a low
frequency. Such loading conditions take place during
the use of containers for the transportation and storage
of liquefied gases (oxygen, nitrogen, hydrogen, he-
lium), cryogenic pipelines, high-pressure vessels, cryo-
generators, etc. As a result of cyclic changes in loading
(especially in concentrators zones), significant stresses

can arise in the material of these structures. Therefore,
stresses can reach and exceed creep strengths, which
leads to their failure after a small number of loading
cycles N [2].

Review of research sources and publications

In the total rolled production volume, structural steel
makes the largest amount.

During their service, various facilities and structures
made of these materials bear complex external loading
(tensile, compressive, bending, shock, alternating signs
or their combinations), experiencing fluctuations in
ambient temperature in the summer and winter months.
They are also exposed to the atmosphere and corrosive
environment (sea and river water, aqueous solutions of
salts, alkalis, acids, etc.).

Sharp drops in temperature under conditions of struc-
turally constrained deformation lead to great residual
stresses, which, combining with the stresses from ex-
ternal forces, complicate the operating conditions of the
material and can lead to accidents if its quality is unsat-
isfactory [3, 4].

There are high demands on steel as a structural mate-
rial. This is explained by difficult operating conditions
of mechanisms and structures, especially in the north-
ern regions, reduced design sections when creating
modern structures, machine units, and mechanisms
aimed to reduce their mass and metal consumption and
the need to ensure reliability, durability, and safety of
their operation. Depending on the conditions of use and
operation, the requirements for structural steel may
somewhat change, but the most important of them can
be generally distinguished.

The structural steel of building structures must have a
combination of high strength and plastic properties.
Creep strength is the main structural characteristic
among the strength properties. The choice of this char-
acteristic as the basis for strength calculations is ex-
plained by the fact that at higher stresses, irreversible
linear changes take place in the structure, which can
lead to its failure. Increased creep strength allows re-
ducing the design sections, and, consequently, the steel
structure mass, or bearing higher operating stresses at
the same mass.

As the structure operation experience shows, metal
should have the property of local plastic deformation
for relaxation of stress peaks in the zone of various con-
centrators (holes, grooves, undercuts, dents, lack of
penetration, welding cracks, etc.) leading to the three-
dimensional stress state. The better this property is, the
more resistant the metal is to the occurrence and prop-
agation of cracks at local overstresses, i.e., ultimately,
the metal reliability in structures increases.

Along with the strength and plasticity properties, a
very important role in ensuring reliability and structure
performance is given to indicators that determine metal
entering the brittle state. Firstly, this is the operating
temperature of the constructed structure, the presence
of a notch (concentrator), the load application rate, and
the three-dimensional stress state degree.

Currently, the problem of increasing the metal re-
sistance to brittle failure is becoming one of the most

30ipHUK HAYKOBHX Tipallb. ['amy3eBe MammHOOyIyBaHHs, OymiBHHITBO. — 1(54)° 2020 35



important. This is explained by the need to ensure the
reliability of structures and machines under harsh cli-
matic conditions. Besides, an increase in the scale of
engineering structures, the use of large welded assem-
blies and structures with greater rigidity and lower flex-
ibility than riveted structures, as well as the material be-
havior under conditions of a combination of high
stresses and corrosive environments create conditions
leading to brittle failure [5, 6].

To assess the tendency of steel to brittle failure, there
is a widely used method of impact testing of standard
samples with the determination of impact strength and
temperature of entering the brittle state. The prevalence
of this type of testing is explained not only by the sim-
plicity of making samples and a simple method of the
series test but also by the fact that statistically reliable
relations are sometimes observed between the impact
strength properties and the steel behavior during oper-
ation.

However, in most cases, impact strength testing of
standard samples does not give a complete picture of
the material behavior in a structure.

Therefore, they are trying to find better methods for
determining the tendency of steel to enter the brittle
state, which would more fully correspond to the real
conditions of the metal behavior in structures.

While manufacturing metal structures and specific
types of rolled products (for example, railroad rails),
which bear alternating loads during operation, an im-
portant role is given to increasing the endurance limit
as one of the factors determining their service life.
The endurance limit increases with increasing strength,
metal purity as for non-metallic inclusions, improving
the quality of its surface. It is especially important to
increase the endurance limit in the presence of stress
concentrators.

A prerequisite for durability and reliability of struc-
tures and facilities is sufficiently high corrosion re-
sistance. It is especially important to increase the cor-
rosion resistance for high-strength steel due to de-
creased design sections of structural elements when us-
ing this steel. At smaller structural sections, corrosion
damage is more dangerous than in thicker sections
made of steel with reduced strength.

To prevent corrosion, steel is subjected to special al-
loying (chromium, nickel, copper, phosphorus), careful
and timely painting, galvanizing, and phosphating.
Recently, it has been proposed to apply a vinyl chloride
covering on the metal surface.

Finally, structural steel must have satisfactory pro-
cessing properties. First of all, it must meet the require-
ments of weld ability ensuring the same strength of the
basic metal and the welded joint and has a minimal ten-
dency to deformation aging. It must be processed with-
out any special difficulties in the hot and cold states
(rolling, forging, bending, processing on metal cutting
machines), and be relatively inexpensive to manufac-
ture.

Definition of unsolved aspects of the problem

It has been experimentally established that under low-
cycle loading, directional plastic deformation of struc-
tural alloys takes place, which is most clearly mani-
fested in the asymmetric loading cycle. The process of
one-sided accumulation of plastic deformation &, oc-
curring as a result of variable loads is called cyclic
creep [1].

In some national works, as well as in the works of
foreign authors, experimental data are given indicating
that at high-stress levels and low loading frequencies,
cyclic creep is a factor determining the material dura-
bility not only at the high-temperature but also for the
temperature range of 293 and 77 K [1, 5].

Problem statement

Experimental study of the operating temperature ef-
fect on low-cycle fatigue, cyclic creep, and durability
of materials of cryogenic structures based on the exam-
ple of 03H20N16AG®6 structural steel.

Basic material and results

In this work, experimental studies have been con-
ducted to identify the effect of deep freezing on low-
cycle fatigue and cyclic creep based on the example of
03H20N16AG6 stainless steel. Loading has been car-
ried out in a pulsating cycle with a frequency of
0.033 s! (2 cycles/min) in air and liquid refrigerants
(nitrogen and helium) at temperatures of 293, 77 and
4.2 K, respectively.

Analysis of the obtained experimental data has shown
that directional plastic deformation takes place at the
test temperature of 293 K in the range of fatigue life of
0.5-10* cycles (Fig. 1). For comparison, the curves of
cyclic creep for steel 03Kh13AG19 and PT3V titanium
alloy are shown (Fig. 2, Fig. 3).

In 03H20N16AG6 steel, cyclic creep takes place
most intensively in the zone of stresses corresponding
to quasi-static failure (Fig. 1). The curves characteriz-
ing the kinetics of changes in plastic deformation de-
pending on the number of loading cycles in this stress
zone have three characteristic sections: unsteady decay-
ing, steady, and unsteady accelerated creep. At the
same time, plastic deformation mainly takes place dur-
ing the last two stages.

A decrease in the test temperature to 77 K does not
qualitatively change the nature of deformation and fail-
ure of the studied materials. However, there is a sharp
deceleration of directional plastic deformation charac-
terized by a change in the inclination angle of the steady
creep sections on curves built for the same values of
reduced stresses at test temperatures of 293 and 77 K
respectively.

Thus, taking into account that in the temperature
range of 293 and 77 K the stage of accelerated creep is
very limited in terms of durability, or is absent at all on
the cyclic creep curves, it can be said with confidence
that the number of cycles before failure of these mate-
rials in the low-cycle zone will be determined by their
ability to resist deformation at the steady-state.
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At the same time, the kinetics of directional plastic
deformation of 03H20N16AG6 steel at temperatures of
293 and 77 K can be described from the standpoint of
the theory of hardening with a sufficient degree of ac-
curacy. Significant changes in the behavior of structural
materials occur when they are tested under deep freez-
ing conditions (T = 4.2 K). The deformation mecha-
nism changes, plasticity decreases sharply [7]. Defor-
mation accumulated before failure takes place in the
first loading half-cycle as a result of intermittent creep
acts, the number of which is uniquely determined by the
level of maximum cycle stresses [8 — 11].

With further cyclic loading, there is no plastic defor-
mation of the material. This indicates that directional

plastic deformation at T = 4.2 K is completely sup-
pressed, and failure of the samples takes place as a re-
sult of the formation and development of a fatigue crack
to the critical value.

At the same time, it should be noted that intermittent
creep has been experimentally recorded for some struc-
tural materials at the initial stage of cyclic loading.

Consequently, the absence of cyclic creep in struc-
tural steel and alloys at T =4.2 K cannot be considered
as an established fact. Additional experimental studies
are required for a deeper research of this phenomenon.
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Figure 1 — Cyclic creep curves of 03H20N16AG6 steel
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Figure 2 — Cyclic creep curves of 03Kh13AG19 steel
— -293K; —-—---77K

30ipHUK HayKOBHX mIpails. [ amy3eBe MammHOOyAyBaHHs, OymiBHUITBO. — 1(54)° 2020 37



£p. %

|
| — ——

e

Gmoy: 1070000 Np:z2005 ... __ |

{5 40°

Figure 3 — Cyclic creep curves of PT3V titanium alloy
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Conclusions

1. At the test temperature of 293 K in the range of
durability of 0.5-10* cycles, 03H20N16AG6 steel has
directional plastic deformation, which is a factor deter-
mining the durability of cryogenic structures.

2. For samples of 03H20N16AG®6 steel, cyclic creep
takes place most intensively in the stress range corre-
sponding to quasi-static failure. They determine the ser-
vice life of metal structures and specific types of rolled
products.

3. Lowering the test temperature to 77 K does not
make qualitative changes in the nature of the material
deformation and failure. Therefore, the durability of
cryogenic structures in this temperature range is com-
pletely controlled by the cyclic creep intensity.

4. At T = 4.2 K, directional plastic deformation of
03H20N16AG6 structural steel is completely sup-
pressed, and failure takes place as a result of the for-
mation and development of a fatigue crack to the criti-
cal value.
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