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Abstract. It is known that the fatigue process
begins with the plastic deformation of the surface
layers of the metal fittings. Moreover, the dis-
placement of dislocations under conditions of re-
alternating loads is observed at loads below the
elastic limit of the metal. The rate of local plastic
deformation during cyclic deformation is several
orders of magnitude higher than the rate of defor-
mation under static loading. Dislocation slip begins
in grains with a favorable orientation near stress
concentrators. As the number of cycles in the sur-
face layers increases, the density of dislocations
and the number of vacancies increases. When the
base number of Ngr cycles is reached, a surface
reinforced layer of metal with a large number of
germinal cracks is formed, the size of which does
not reach a critical value. Increasing the number of
cycles cannot cause further development of frac-
ture in such a layer. Only when the stresses exceed
the endurance limit of the crack reach a critical
length, after which the process of their discharge
into the main crack begins with the spread of the
latter. The results of experimental studies indicate
a strong effect of diffusion hydrogen on static and
cyclic parameters of crack resistance. It was found
that with increasing flooding, especially when the
hydrogen content exceeds 5 cm3/100g, both static
strength and long-term strength (fatigue) decrease
sharply. Moreover, for these areas of hydrogen
solution in reinforcing steel is characterized by a
viscous nature of fracture, while for heavily flood-
ed reinforcement (from 5 to 12 cm®100g is charac-
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terized by brittle fracture by the mechanism of
microfission in the hardened (martensite or troost-

MiABOAHI TEXHONOTrI e Bun.11 (2021), 78-87
npoMuCcnoBa Ta UMBiNibHa iHXeHepis


https://org.i.ua/js/compose/?id=6697393
https://org.i.ua/js/compose/?id=6697393
mailto:green555tree@gmail.com
http://orcid.org/0000-0003-1252-4231
mailto:xoruji@ukr.net
http://orcid.org/0000-0002-5314-0483
https://orcid.org/0000-0001-6668-3957
https://doi.org/10.32347/uwt2021.11.1801

BupoOHMIITBO Ta TeXHOJIOTi1

ite structure). allowed to determine the optimal
hydrogen content in reinforcing steel (3...5cm?
/100g), the excess of which will reduce the crack
resistance of reinforcement during long-term oper-
ation, especially in corrosive environments. The
results of the research confirm the above data.
bainite structure y sharply reduces the crack re-
sistance of reinforcing steel, which makes it im-
possible to use in the manufacture of reinforcement
involved in reinforced concrete structures designed
for long-term operation (more than 50...60 years).
Thus, the obtained diagram can be recommended
to designers of reinforced concrete structures for
hydraulic purposes, as it greatly facilitates the rea-
sonable choice of reinforcement in the develop-
ment of reinforced concrete structures for respon-
sible and long-term use.

Keywords: crack resistance, flooding, fatigue,
cyclicity, fittings.

INTRODUCTION

It is known [1 — 5] that the resistance of the
metal to fatigue failure is characterized by the
limit of endurance (fatigue), ie it is the highest
stress that can withstand the metal without
failure at any number of cycles. The endurance
limit is most often determined in tests with
alternating symmetric cycle (R=-1), and there-
fore the endurance limit is denoted by c-1.

As a rule, the endurance limit is limited to
107 cycles (this number of cycles is called the
test base). Thus, it can be noted that the endur-
ance limit is the maximum cycle stress that can
withstand the material without destruction at
the base number of cycles (for ferrous metals,
this base is 107 cycles). Then on fatigue curves
it is possible to find such important indicator,
as durability at fatigue under which accept
number of cycles of loading which maintains
steel at destruction at a certain pressure.

It is known from the literature [1] that the en-
durance limit in metal correlates well with the
mechanical properties of metals. Thus, the
value of o.1 is on average (0.4...0.6) os — for
carbon and alloy steels; (0.3....5) o — for
bronze and brass. This characteristic can be
similarly compared with Brinell hardness:

— o1 = (0.128...0.156) HB — for carbon

steels;

—0.1=(0.168...0.222) HB - for alloy steels;

—0.1= 0.19HB - for aluminum alloys.
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It is known from modern fracture mechan-
ics [2...4] that with increasing number of cy-
cles at any stresses above the endurance limit
in metal, the following processes occur se-
quentially:

1) plastic deformation;

2) the formation of cracks, the cells of
which are non-metallic inclusions (HB);

3) gradual development of some of them
with the predominant spread of the main
crack;

4) rapid final destruction.

The process of fatigue begins with the plas-
tic deformation of the surface layers of the
metal fittings. Moreover, the displacement of
dislocations under conditions of re-alternating
loads is observed at loads below the elastic
limit of the metal. The rate of local plastic de-
formation during cyclic deformation is several
orders of magnitude higher than the rate of
deformation under static loading. Dislocation
slip begins in grains with a favorable orienta-
tion near stress concentrators. As the number
of cycles in the surface layers increases, the
density of dislocations and the number of va-
cancies increases. When the basic number of
NRr cycles is reached, a surface reinforced layer
of metal with a large number of germinal
cracks is formed, the size of which does not
reach a critical value (Fig. 1). Increasing the
number of cycles cannot cause further devel-
opment of fracture in such a layer. Only when
the stresses exceed the endurance limit of the
crack reach a critical length (Fig.2), after
which the process of their discharge into the
main crack begins with the spread of the latter.

Fig. 1. Embryonic microcracks in the surface
layers of reinforcing rods (x4800)
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Fig. 2. The main crack in the surface layers of
steel reinforcement of reinforced con-
crete structures of long operation in an
aggressive environment (%200)

FORMULATION OF PROBLEMS
AND RELEVANCE OF THE TOPIC

The ultimate stresses at which the process
begins, for example, hydrogen sulfide fracture
(HSF), are recommended as criteria for com-
paring the stability of different reinforcing
steels [5, 6]. One of the important factors in-
fluencing the resistance to HSF is the compo-
sition and structure of steel. Yes, carbon has a
significant effect on HSF. It is known [6, 7]
that with increasing amount of carbon the ten-
dency of hardened steels to HSF increases due
to increasing internal stresses. Hydrogen dif-
fusing into the metal, even in small quantities
(2...3 cm®/100g) does not cause sufficient for
the development of cracks of local plastic de-
formations in strong metal. It is believed that
steel loses its viscoelastic characteristics at a
hydrogen content in the range of
7...12 ¢cm3/100g [8]. However, as established
in [9], hydrogen fragility can occur with a
small amount of absorption (absorbed) hydro-
gen. Thus, in steel with a tensile strength of
1600 MPa, doped with 0.7% Cu, 0.25% Mo,
0.8% Nb and 0.025% Al, a decrease in plastic
properties (0) was observed from 45 to 3% at
the level of flooding 0.03 cm®/100g.

It should be noted that the analysis of litera-
ture sources of domestic and foreign research-
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ers does not provide an unambiguous answer
to the question of the influence of hydrogen
and alternating stresses on the embrittlement
of reinforcing steel of different brands, and the
results of experimental studies are usually ob-
tained in different conditions different external
factors, and therefore characterized by contra-
dictions, making them difficult to compare and
draw final conclusions, although the problem
of degradation of reinforced concrete struc-
tures is relevant and, moreover, is important
for the construction industry of Ukraine, re-
sulting in additional experimental and theoret-
ical studies.

The purpose of the work — research of
mechanical properties and parameters of crack
resistance of steel samples of various brands
intended for production of armature of rein-
forced concrete designs of long service life in
aggressive environments.

METHODS OF EXPERIMENTAL
RESEARCH, MATERIALS, CRITERIA
AND EQUIPMENT

The object of research was reinforcing steel
of the following grades: 16T12Ad; 20d;
09I 2db; 15XCHJIA; 10XCHJIA and 06125,
that is steel carbon, low-alloy, which had a
structure of ferritic-perlite, sorbitol and troost-
ite and martensitic with a coefficient of endur-
ance Kv=0.40...0.50.

After fabrication, the reinforcement sam-
ples were subjected to different heat treatment
modes depending on the steel grade and ob-
taining the desired type of structure. The sam-
ples were polished with a grinding skin with a
grain size of 3/0, and then subjected to temper-
ing in a vacuum chamber at 620°C for 30 min
to remove residual stresses. The samples were
tested on the setpoint of the model "Instron”
(UK). The tests were performed in air. The
impact of the aggressive environment was ab-
sent. We add that the tests were performed
according to the requirements of the Specifica-
tion of the International Association of Corro-
sives (Specification Tenquiz Oil and Gas Plant
/IProzess Plant. Lurgi code: 65102-00-MAL-
TENGUIZ 11. Specification SP.SPC-62900-
XP-007). Fractographic and metallographic
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studies were performed using an electron
scanning microscope model "YSM-35CF"
(firm "Jeol”, Japan). Mechanical tests and the
type of samples of cut rebar rods met the re-
quirements set out in the literature [1, 5].

RESEARCH RESULTS AND THEIR
DISCUSSION

In experimental studies, the following steels
were used as an object 15XCH/IA, 10 XCH/A,
16I"2AD, 06126, 08XMYA, 1612Ad, 17T2CO,
091" 2®B, 09T°2C, 20A.

It is established that steel has the following
chemical composition and mechanical character-
istics:

— steel 20A: Smax =0.012%; Pmax = 0.015%;
ov="502...527 N/mm?,  or=372...509 N/mm?;
or/oy<0.8; §>25%; HRB<92; KCV, Jom?=

79.4...166.5 (+20°C); =39.2...88.2 (-40°C);
score of grain according to GOST 5639-82: >8;
score according to HB (GOST 1778-80): <2.5;
stripe PF according to GOST 5640-88: <2;

- steel 08XMYA: Smax=0.015%;
Pnax=0.015%;  6v=502...509 N/mm?
378...470 N/mm?; or/oy < 0.8; 3 > 25%;
HRB < 95; KCV,
Jem?=107.8...177.5(+20°C);=49.3...79.2 (-
40°C); score of grain according to 5639-82: >9;
score according to HB (GOST 1778-80): <2.5;
stripe PF according to GOST 5640-88: <2;

— steel 20D: Smax:0.008%; Pmax = 0012%,
ov=470 N/mm?  or =  338...402 N/mm?
o1/0v<0.8; §>25%; KCV,Jcm?=90...98.2 (-
40°C); score of grain according to GOST 5639-
82: >9; score according to HB (GOST 1778-80):
<2.5; stripe PF according to GOST 5640-88: <2;

OoT -

Table 1. Chemical composition of steels 10XCHIA and 15XCHJA

Mass fraction of elements%
Steel brand - -
C Si Mn Cr Ni Cu Nb
10XCHOA <0.12 0.8...1.2 | 0.08...0.98 | 0.32...0.62 | 0.22...0.63 | 0.38...0.58 | 0.28...0.58
15XCHIA | 0.1...0.15| 0.4...0.75 | 0.62...0.89 | 0.32...0.58 | 0.22...0.51 | 0.21...0.39 | 0.03...0.58

Note the mass fraction of S and P <0.010-0.015%; nitrogen to 0.012%. An admixture of niobium and va-

nadium in the amount of 0.08-0.12% is allowed.

Table 2. Mechanical properties of rolled steel 10 XCHJIA and 15 XCHJIA

Steel oT oV Relative Impact strengzt h,
Brand lengthening, % RCU, Jiem
N/mmz2 ’ +20°C -40°C
10XCHJA 422...500 560...650 >21...24 70 54
15XCHJA 390...495 520...630 >22...25 68 56

Table 3. Physical characteristics of the a-phase

Physical characteristics of the a-Fe phase
Designation Crys’gal lattice Density of 9dlslogatlons, Lattice curvature, cm:
period, nm p-10°, cm
10XCHOA 0.28683 1.57...2.17 440...535
15XCHAA 0.28723 1.7...2.23 557...638
Tabular value of a-Fe 0.28664 - -
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— steel 06X1: Smax= 0.005%; Pmax = 0.010%;
ov=512N/mm?; or =386...512N/mm?; or/oyv <
0.8; 8>25%; HRB<92; KCV, Jem?= 147 (-40°C);
score of grain according to GOST 5639-82: >9;
score according to HB (GOST 1778-80): <2.5;

stripe PF according to GOST 5640-88: <2.
Tensile tests (GOST 1497-88) of samples
of the type "gagariki" were performed on the
installation of the model "Instron” (UK).
Impact strength was determined according
to GOST 9454-88. Under the impact tough-
ness should take the impact work related to the
initial cross-sectional area of the sample at the
hub KS = A/F, where A — the work spent on

Table 4. Mechanical characteristics of steels

breaking the sample (fixed on the scale of the
pendulum copra) (GOST 10707-82). The size
of the impact samples was 10x10x56 mm. The
radius of the bottom of the incision
r=1+0.07 mm (incision Menage);
r=1+0.025 mm (Charpy incision). The spec-
imens were tested for a three-point bending on
a pendulum swing with an impact energy of up
to 300 J. The distance between the supports for
mounting the specimens was 40 + 0.5 mm.

Hardness (GOST 9012-59) was determined
on a hardness tester model TIII-2.

or v KCV, Jicm2
Steel brand S, % at temperatures
MPa t=-40°C
15XCHJIA 420 556 32 33
10XCHJA 395 515 29 38
16I'2AD 446 595 28 39
06er2b 450 605 24 44
a low sulfur content - no more than

Table 5. Sulfur content in steels

Steel brand Sulfur content, %
15XCHIOA 0.03
10XCHIA 0.032
16I2AD 0.021
06I'2b 0.012
08XMYA 0.005...0.01

The experimental steel of the conventional
grade 08XMYA was used in the research,
which was created on the basis of the im-
provement of steel 06X1 due to the economi-
cal modification of this steel by an alloying
element from among rare earth metals - cerium
in the amount of 0.02...0.03%. This steel is
characterized by a very low content of sulfur
and phosphorus, in particular, their content is
limited to 0.05...0.10%. The content of other
steel ingredients was as follows: Mn 0.57;
Cr0.9; Ni 0.12; Mo 0.25; Si 0.08...0.1%.

In addition, in some experimental tests used
steel grade 20®d, i.e. vanadium steel with a
vanadium content of 1.2...1.55. This provided
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0.95...0.18%. And carbon was about
0.2...0.23%.

The results of the research presented in
Fig. 2 confirm the data of Fig. 1. Thus, it can
be seen from Fig. 2 that carbon and low-alloy
sieves, which are characterized by ferritic-
pearlite and sorbitol structure provides high
resistance primarily to prolonged fatigue, and
the transition to steels with martensite struc-
ture or tempered (bainite transition jet) struc-
ture of bainite sharply reduces the crack re-
sistance of reinforcing steel, which makes it
impossible to use in the manufacture of rein-
forcement involved in reinforced concrete
structures designed for long-term operation
(more than 50...60 years). Thus, the obtained
diagram can be recommended to designers of
reinforced concrete structures for hydraulic
purposes, as it greatly facilitates the reasonable
choice of reinforcement in the development of
reinforced concrete structures for responsible
and long-term use.

Table 7 below shows the data of hot-rolled
steel grade 09I'2db, from which were made

MiABOAHI TEXHOMNOCrII e Bun.11 (2021), 78-87
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on a rolling mill reinforcing bars for experi-
mental tests.
The chemical composition of carbon steel

for crack resistance, taken from modern frac-
ture mechanics — the parameters of brittle frac-
ture resistance Kic and d¢ and the parameter of

grade 20 is as follows: C0.17...0.24; microcracking Rwmc, which are sensitive to
Mn 0.25...0.65; Si0.17...0.37; P 0.036; metal structure, which changes during long-
S 0.04. term operation. The studies were performed on

The normative and actual composition and
mechanical properties of 16I'2A®d steel are
given in Table 8 and 9.

Table 10 shows the experimental tests of
experimental steels to determine the criteria

samples according to the methods described in
works [1, 3] the results of factory laboratory
tests are shown in Table 10.

Table 6. Mechanical characteristics and criteria of crack resistance of steel 091 2d5

Chemical steel OB G0.2 S, KCV, MJ/m2 Kic, MPa.m"? Oc, mm
composition, % MPa % | -40C | -20°C | +20°C 20°C | +20°C | -20°C
C0.13;
Mn 1.7...1.9;
Si 0.35...0.40; 19... | 0.6... 98.5... 90... 0.7... 0.47...
V 0.09...0.1; 560 | 435 22 0.7 0.8 102.3 95.4 0.75 0.52
Nb 0.05...0.07;
S,P0.01...0.02
Table 7. Impact strength of steel 09125
Impact strength and fracture fiber
according to Menage according to Sharpe
KCV, MJ/m? B, % KCV, MJ/m? V, %
0.84...1.35 50...70 0.52...1.1 35...75
0.26...0.94 5...20 0.10...0.35 10...15
0.12...0.64 0 0.12...0.50 0
Table 8. Chemical composition of 16T 2A®
cC | Mn | si | Vv | N | S P Al
Actual (as delivered)
0.13... 16... 0.32... 0.061... 0.011... 0.012... 0.01... 0.004...
0.15 1.66 0.40 0.095 0.013 0.022- 0.014 0.026
Requirements TU 14-3-1138-82
0.11... 11... 0.20... 0.06... 0.010... 0.020 0.025 0.015...
0.17 1.70 0.40 0.10 0.020 0.050
Table 9. Mechanical properties of steel 16I'2A®D
owMPa | os,MPa | 8,% | KCVo, MIm2 | KCU,MJ/m? | V under 0°C, %
Actual
566...601 | 400..460 | 21..27 | 048..073 | 0.49..065 | 25...90
TU requirements
540...640 | 370...470 | >19 | >0.4 | >0.5 | >60
NIABOAHI TEXHOMOCrIi e Bun.11 (2021), 78-87 83
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Table 10. Parameters of crack resistance of experimental steels

ch, MPa+m1’2 I 6c, mm | RMs, MPa

Steel brand Test temperature, °C
+20 -20 -40 +20 -20 -40 +20 -20 -40
16I2A® 99.8 | 815 72.1 0.72 0.49 0.39 897 784 595
20D 88.7 | 78.3 66.8 0.71 0.68 0.60 798 680 501
15XCHJA | 1056 | 98.0 83.5 0.82 0.72 0.67 925 823 675
10XCHIA | 88.9 | 80.2 70.1 0.68 0.60 0.52 780 692 578
0912 | 1114 | 98.5 82.5 0.88 0.79 0.62 956 856 670
06125 90.2 | 85.9 75.7 0.82 0.73 0.69 950 870 658
08XMYA 121 | 88.7 79.2 0.92 0.78 0.73 1123 934 789

It should be noted that the use of vanadium
modifier in steels (example steel 09I'2dE). As
a rule, the content of vanadium in steels is lim-
ited to 0.1%, with a content of vanadium of
0.1...0.15% there is no further crushing of the
grain, toughness at low temperatures decreases
[6, 8...10], i.e. in the case of production of
low-alloy steel vanadium should be introduced
in the amount of up to 0.1%.

The use of niobium as a steel modifier has
shown that it weakly deoxidizes steel, but at
the same time is a strong carbide-forming ele-
ment. In the presence of nitrogen in steel can
form carbonitrides. Experiments have shown
that the most favorable effect of niobium in
small quantities (approximately 0.02...0.03%)
and especially in combination with aluminum
(about 0.02%). In this case, the strength and
yield strength increase (by 40 MPa), the ten-
dency of steel to age decreases, and so on.

In general, microalloying of low-alloy nor-
malized steel with carbide- and nitride-
forming elements slightly increases their ser-
vice properties. Application of these elements
in steels of the controlled rolling allows to
receive higher properties on all indicators.

Microalloying of low-alloy steel (for exam-
ple, 06X1) with a rare earth element - cerium -
in the amount of 0.02...0.03% leads to globu-
lation of non-metallic inclusions, the amount
of oxides decreases. The positive effect of ce-
rium on viscosity is due to its effect on the
shape and amount of non-metallic inclusions,
as well as to some grain crushing. The mecha-
nism of influence of rare earth metals (REM)
on the properties of steel is insufficiently stud-
ied. However, the positive effect of REM on
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the shape of non-metallic inclusions is not in
doubt. Treatment of reinforcing steels with
cerium in the amount of 0.02...0.03% pro-
motes high-quality rolled products with high
corrosion-mechanical properties and which
can be used in the construction of reinforced
concrete structures.

We analyzed the picture of the deformed
state of the steel fittings of the conventional
grade 08XMYA (micromodified with cerium)
at the crack tip. Fracture scans at the ends of
the fracture were examined by fracture scan-
ning (YSM-35CF microscope model (Jeol,
Japan)). Softening of the metal (Fig.3) to
60...70% of the original, which can be consid-
ered as the accumulation of damage caused by
microplastic deformation. However, the front
of this quasi-stationary zone, which moves in
front of the crack apex, is small and forms a
layer ~ 80 um thick along the crack depth and
60...70 um along its walls, i.e. destruction in
this case is usually quasi-brittle.

pm

Fig. 3. Picture of metal softening before the crack
front in reinforcing steel 08XMYA with
corrosion cracking in the model environ-
ment NACE

MiABOAHI TEXHOMNOCrII e Bun.11 (2021), 78-87
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It is known that simultaneously with plastic
deformation, relaxation processes take place
intensively. This zone is characterized by plas-
tic deformation by internal grain slip, and
therefore dislocations are concentrated mainly
in the sliding strips. Next, the parent metal
with the original dislocation structure is ob-
served. The maximum density of dislocations
is observed in the zone with significant residu-
al plastic deformation, which reaches an aver-
age of 2% (total relative deformation), 10% or
more in microvolumes. associated with local
shifts (Fig. 4).

Fig. 4. Dislocation structure of deformed reinforc-
ing steel 08XMYA (x25000)

Next, consider the role of sulfur in the me-
chanical properties of the metal. It is widely
known that sulfur adversely affects the proper-
ties of steel. Sulfur in the metal is usually pre-
sent in the form of non-metallic inclusions,
mainly manganese sulfides. It is established
[2, 3] to increase the sulfur content by 0.015 in
the range 0.02...0.005 shifts the critical brit-
tleness temperature to the region of positive
temperatures by 15°C. The amount of sulfur in
normalized steels is reduced by metallurgists
to 0.02%, and in controlled rolling steels — to
0.004% and below, which increases the tough-
ness (according to Sharpe) almost 2 times.
Low sulfur content (0.005...0.01%) signifi-
cantly increases the positive effect of cerium
steel treatment, which significantly increases
the crack resistance of steel.

Steels with a tempering sorbitol structure
have the highest survivability. This is due to
the low growth rate of the fatigue crack, due to
the high ductility of the metal (see Fig. 2) and
the presence of a developed substructure of the

MiABOAHI TEXHOMNOTrII ¢ Bun.11 (2021), 78-87
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ferritic phase of sorbitol. The dislocation walls
that separate the ferrite grains serve as barriers
to the fatigue crack, which causes it to change
direction in a zigzag pattern and spend more
energy and time growing to a critical size. In
addition, the steel after heat treatment for tem-
pering sorbitol becomes insensitive to the ap-
pearance of stress concentrators and accidental
shock load.

Steel heat-treated for tempering or temper-
ing martensite has a higher o.1, but its signifi-
cant resistance to the formation of fatigue
cracks is neutralized by increased sensitivity to
surface quality. In addition, high-strength
steels are characterized by low resistance to
cracking.

Thus, operating conditions require a special
combination of high resistance to fatigue crack
formation and high resistance to its propaga-
tion, which is almost impossible to provide in
reinforcing steel using alloying and heat treat-
ment. This problem is solved by the use of
surface hardening technologies (surface plastic
deformation,  chemical-thermal  treatment
(CTT), surface hardening) for low- or medi-
um-carbon steels treated with the structure of
tempering sorbets. The result is steels with a
strong surface and a viscous plastic core [11,
12].

CONCLUSIONS

1. It is shown that structural inhomogeneity
promotes the passage of non-uniform defor-
mation in the volume of the metal. In turn, the
higher the inhomogeneity of the deformation,
the less deformation the plasticity of the metal
will be exhausted, the earlier the fracture will
occur, as observed in the experiments. The
obtained experimental results must be taken
into account in the construction of galleries of
underground sewer systems by introducing
into the regulatory and technological docu-
mentation of these steels in relation to the de-
sign and construction of responsible reinforced
concrete structures.

2. The physical characteristics of aFe-phase
in steels 10XCHJIA and 15XCH/IA, in partic-
ular, the number of dislocations does not ex-
ceed (155-220)-10° cm?, and the amplitude of
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curvature of the crystal lattice does not exceed
560...650 cm™, which is characteristic of the
ferritic-pearlitic phase. And the stresses are
mostly elastic, not relaxed. In addition, in the
field of crystals and along the boundaries of
the a - phase carbide phases are not estab-
lished, which will increase the crack resistance
of reinforcing steel during long-term operation
at alternating loads.

3. It is established that steels 16I"2A®,
09I'2db and 15XCHJA have a reserve of
plasticity and ability to resist destruction at
plastic deformations. In addition, these steels
are characterized by high resistance to brittle
fracture, and therefore they can be recom-
mended for the manufacture of reinforcement
of reinforced concrete structures designed for
the perception of high alternating loads during
operation in aggressive environments.

4. It is shown that the highest values of
modern criteria of crack resistance are steels
16I"2AdD, 09I'2db and 15XCHJIA, which are
economically modified with vanadium, niobi-
um, chromium, nickel, copper and have a very
low sulfur content. This class of steels includes
experimental steel of the conventional grade
08XMUYA, which is economically modified
with cerium (0.025...0.03%).
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Hccienopanue MexaHM4eCKMX CBOMCTB U Ma-
PaMeTPOB TPELIUHOCTOMKOCTH CTAIBHBIX
YKpeIUleHUi kej1e300e TOHHBIX KOHCTPYKIUH
HAOJITOCPOYHOrO CIENHAJBHOI0 CPOKa

Ilemp Kynuxos, FOnus Maxapenxo,
Buxmop Xopyorcuii, Barepuii Makapenko

AnHoTauus. V3BeCTHO, YTO MpOLECC yCTaJIo-
CTM HAuMHAETCS C IUIACTUYECKOH nedopMaruu
MTOBEPXHOCTHBIX CJIOEB METAIIMYECKON apMaTypBhl.
[Ipuyem cMenieHue AUCIOKALMA B YCIOBHSIX 3HA-
KOIIEpEMEHHBIX ~ HArpy30K HaOJIoJaercss MpH
Harpy3kax HIDKe IIpefiela yNpyrocTu MeTasuia.
CKOpOCTh JIOKaThbHOM TUTACTHYECKOH nedopMariuu
OpU UUKJINYECKOW JedopMalu Ha HECKOIBKO
MOPSIKOB MPEBBIIIAET CKOPOCTh Ae)OopMaliu MpH
CTaTHYECKOM  Harpy)keHuu. JluciaokannoHHOE
CKOJIB)KEHHE HAYMHAETCS B 3€pPHAX C OJarompusT-
HOM OpHWEHTanWed BONM3M  KOHIIEHTPaTOPOB
HanpspkeHuil. C yBeIMYeHNEM KOJIMYECTBa LIUKIIOB
B TIOBEPXHOCTHBIX CIIOSX YBEJIMYMBAETCA ILIOT-
HOCTb JUCJIOKallMM M KOJIM4ecTBO BakaHcuil. Ilpu
JOCTHXKEHUH 0a30BOro uucia mukiioB Nr oOpa3sy-
€TCsl TOBEPXHOCTHO-apMUPOBaHHBIN CIOW MeTaa
¢ OOJIBIIMM KOJMYECTBOM 3apOJBIIIEBbIX TPEILUH,
pa3Mep KOTOPBIX HE JOCTUraeT KPUTHYECKOTO 3Ha-
YEHMs. Y BEIMUEHNE KOJIMYECTBA IUKIIOB HE MOYKET
MPUBECTH K JaJIbHEUIIEMY Pa3BUTHIO Pa3pyIICHUSA
B TakoM cjoe. TolbKo Korja HampsbKeHUs PEeBBI-
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IAIOT Tpejesl BEIHOCIMBOCTH TPEIIWHEI, TOCTUTA-
IOT KPUTUYECKOW UIMHBI, TIOCJIE Yero HauYMHAETCS
MIPOILIECC UX pa3psi/ia B MATUCTPATHHYIO TPEIUHY C
pacnpocTpaHeHreM nociieqHen. Pe3ynbraTel 3KC-
MIEPUMEHTAIBHBIX HCCIEIOBAaHUN YKa3bIBAlOT Ha
CHIIbHOE BiUsHUE MU((GY3NOHHOTO BOAOPOAA HA
CTaTUYECKUE M LUKIMYECKHE MapaMeTphl Tpellu-
HOCTOWKOCTH. Bplio 0OHapykeHOo, UTO C yBenuye-
HUEM 3aTOIUICHHS, OCOOEHHO KOTza COep KaHHe
Bozopoaa mpesbimaer 5 cm>/100 T, Kak craTHe-
CKasg TPOYHOCTh, TaK U JJIUTEIbHAS IMPOYHOCTh
(ycramoctp) pe3ko cHmxkaroTcs. [Ipuaem mms aTux
Y9acTKOB PacTBOP BOJOPOJA B apMaTypHOW CTalln
XapaKTepU3yeTCsl BSI3KUM XapakTepoM paspylie-
HUS, TOTJA KaK JUis CUIBHO OOBOJHEHHON apMaTy-
pel (or 5 mo 12 ¢m¥100 r XapakTepHO XpYIIKOE
paspylleHre 10 MEXaHW3MY MHUKPOJEJIEHUA B 3a-
KaJIGHHOM (MapTEHCUTHOM WM TPOOCTUTOBOM
KOHCTPYKITMH). TIO3BOJIUIM ONPENCIUTh ONTH-
MaJbHOE CONIep)KaHWEe BOIOpPONa B apMaTypHOH
crama (3...5cm¥100r), mnpeBbllIEHHE KOTOPOTO
CHU3UT TPEIIMHO-CTOMKOCTh apMaTypbl TpH TH-
TEBHOMN JKCIDTyaTallH, 0COOEHHO B arpecCHBHBIX
cpenax. PesympraTel MccieqoBaHUI MOATBEpXkaa-
IOT MPUBEACHHBIC BBINIE JaHHBIE, CTPYKTypa Oei-
HUTa PE3KO CHIKAeT TPEHIMHOCTOHKOCTh apMa-
TypHOfI CTaJId, 4TO ACJIacCT HCBO3MOKHBIM UCIIOJIb-
30BaHME MPHU M3TOTOBIICHUU apMaTyphl jkene3o00e-
TOHHBIX KOHCTPYKIMM, PAaCCUMTAHHBIX Ha [JIH-
TeNbHYI0 dKcIuTyaTanuo (6onee 50...60 ner). Ilo-
JYYEHHYIO CXeMY MOYXHO PEKOMEHJOBaTh MPOEK-
TUPOBIIMKAM  JKEJI€300€TOHHBIX  KOHCTPYKIUH
THAPOTEXHUYECKOTO Ha3HAYEHHWs, TaK Kak OHa
3HAYUTEJILHO oO0Jier4aeT OOOCHOBAaHHBIM BBHIOOP
KOHCTPYKIMH. apMHUPOBaHHE MPH pa3paboTKe Ke-
Ne300€TOHHBIX KOHCTPYKIIMH OTBETCTBEHHOTO U
JUTTETHHOTO MCTIOIb30BaHUsI.

KiroueBble cJioBa: TPEIMHOCTONKOCTH, 3a-
TOIUIEHHUE, YCTAJIOCTh, IMKIMYHOCTbD, apMaTypa.
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