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The Effect of Stress Pulses on the Limited Endurance Under Cyclic Loading
of Thermal-Hardened Carbon Steel

Purpose. The assess effect of stress pulses on the cyclic endurance of thermal-hardened carbon steel.
Methodology. A sheet with a thickness of 1 mm was selected for the study, made of steel with 0.42% C after ther-
mal hardening. The treatment consisted of quenching and tempering at 300 °C. The samples were subjected to cyclic
loading on the Saturn-10 machine, under a symmetrical cycle of alternating bending, with a frequency of 100 min™.
Treatment with pulses of stress was carried out under conditions of «lIskra—23». To determine the effect pulses of
stress on the cyclic endurance, samples after 50-60% by limit of endurance were subjected to doing pulses of stress.
After completion treatment pulse of stress, the samples continued to be cyclically loaded until the moment of failure.
The density of dislocations was measured by method of X-ray structural analysis on a DRON-3 diffractometer, by
interferences (110), (211), (321). The complex of properties after thermal strengthening was determined under static
tension, at a strain rate of 10 s. Findings. After processing with pulses of stress studied, thermally hardened steel
with a hardness of 46-47 HRC, an increase in hardness by 11 % was obtained. According to the analysis of the cy-
clic loading curves of thermally hardened carbon steel, it was determined that due to the action pulses of stress, an
increase in limit of endurance occurs in a wide range of cyclic overload. Structural studies have determined that, in
proportion to decrease at magnitude of cyclic overload, an increase limit of endurance corresponds to higher number
accumulated dislocations by different slip systems. Originality. The increase at density of dislocations from the
action pulses of stress is due to the development processes of partial unlocking of dislocations after thermal
strengthening and activation systems of sliding, which are not characteristic of these loading conditions of the steels.
As a result of the action pulses of stress, the propagation deformation per cycle occurs at lower amplitudes of load,
due to formation of an additional number of dislocations. According to analysis lines of French, it was determined
that participation of an increased number of dislocations at propagation of deformation per cycle shifts a moment
transformation of reversible damages into irreversible ones, towards an increase at number of cycles.
Practical value. The obtained research results can be useful for assessing by influence of an external source of
stress on the behavior of a carbon steel product under cyclic loading.

Keywords: carbon steel; dislocation; cycle amplitude; stress pulse; cyclic endurance

Introduction stresses of various origins [15, 23, 26] are capable
varying degrees influence on structural transfor-
mations under cyclic loading. Compared with sim-
ple static loading schemes, the nature of plastic
deformation metals and alloys under the action of
a high-power stress pulse has significant differ-
ences [5, 19, 21]. Against the background various
changes in the internal structure [26], the features

Under cyclic loading, the proportion of mobile
dislocations at structure and their redistribution are
among the many factors that determine limited en-
durance of a metallic material [25]. The application
of influences such as the introduction of additional
harmonics into the load cycle formation scheme,
the action of electric current pulses [12], or surface
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of origin and propagation plastic deformation [25]
deserve attention. In proportion to increase at pow-
er acting mechanical pulse, the stresses are able to
reach the levels of theoretical strength of the metal
material, by absence signs of plastic deformation.
This is due to the short duration of pulse, on the
order of 10 to 10°° seconds [17], the duration of
which is not enough to begin of development re-
laxation processes of the arising stresses.

At same time, under action of the stress pulse,
one should expect qualitative differences at nature
of the nucleation and movement of dislocations,
which will contribute to the emergence of high
localization of plastic deformation and anomalous
nature of changes at complex properties of the me-
tallic material [2, 4, 11]. Moreover, depending at
power a pulse of the applied stress, one can ob-
serve a qualitatively different nature impact on the
complex of properties [3, 7, 14]. Indeed, experi-
mental studies [25] have determined that in propor-
tion to the increase at power of the pulse, the
strengthening effect of the metallic material will
increase. However, in appearance, the nature of the
change at strengthening effect most likely resem-
bles an extreme dependence [6, 13].

Based on this, the value of pulse power, when
the hardening effect changes to softening, is
a completely expected phenomenon and is called
the critical value [25]. Thus, in accordance with
a nature of the metal material, the hardening tech-
nology and the structural state [6, 10, 13, 18], de-
pending on the power of stress pulse, it is quite
reasonable to obtain a qualitatively different effect
of the impact: from hardening to softening [27-
29].

Purpose

The assess effect of stress pulses on the cyclic
endurance of thermal-hardened carbon steel.

Methodology

To study influence of the surface stress pulse on
the behavior under cyclic loading, a sheet 1 mm
thick, made of ordinary quality steel with a carbon
concentration of 0.42%, was selected. Considering
the fairly wide application technology thermal hard-
ening of products at machine-building industry, the
structural state of the steel after thermal hardening
was selected for the research. The treatment consist-

ed of heating to temperatures higher than Acs,
quenching in oil and tempering at 300 °C for 1 hour.

Flat-shaped samples, with a special fillet, with
a structure after thermal hardening were subjected to
cyclic loading under conditions at Saturn-10 testing
machine. The choice of the machine is due to the
possibility of simultaneous loading of up to 10 sam-
ples, with different cycle amplitudes, which signifi-
cantly reduces the time for obtaining test results for
the construction of the cyclic loading curve. The
loading scheme of the sample corresponded to
a symmetrical cycle of alternating bending, at
a loading frequency of 100 min, at room tempera-
ture of the tests.

The construction and analysis of the cyclic load-
ing curve were carried out for sections of limited
endurance [8, 16, 17]. The boundary between at
formation of reversed and non-reversed damages
was determined by the methods [8]. The surface
stress pulse treatment of the samples was carried out
on the «lIskra—23» bath-type equipment. The stress
pulses order of 1-2 GPa arose from an electric dis-
charge in water, at voltage of 15-18 kV. The pulse
energy was 10-12 kJ.

The treatment was completed after reaching ap-
proximately 15 thousand pulses, at a frequency of
2-3 Hz [24]. To determine effect stress pulses on
cyclic endurance, the samples were subjected to
stress pulses after 50-60% of the limited endurance.
After the pulse treatment, the samples continued to
be cyclically loaded until the moment of failure.

The effect assessment consisted of a compara-
tive analysis limited endurance of the steel after
thermal hardening and after treatment with stress
pulses, until the moment of final failure.

To identify microstructure, the metal was etched
in a standard etchant (4% HNOs; solution in etha-
nol). The elements of the microstructure were stud-
ied using light and electron microscopy [1].

The dislocation density was measured by the
method of X-ray structural analysis [9], on
a DRON-3 diffractometer, by interferences (110),
(2112), (321).

The complex of properties after thermal harden-
ing was determined under static tension, at a strain
rate of 102 s, As a characteristic at strength of the
steel, after the action of stress pulses, the Rockwell
hardness was chosen [20].
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Findings

According structural analysis of the studied
steel, after quenching was formed a structure of
lath martensite with a lath width of the order of
lp, with a certain density of dislocations
(Fig. 1, a).

and tempering at a temperature of 300 °C (b).
Magnification is 18000

In the martensite crystals, appearance of thin
layers at form of twins is observed. When larger
face of the martensite lath coincides with the foil
plane, presence of randomly oriented, dispersed
particles of cementite with shape of intermittent
lines is determined. Heating the steel to 300 °C
after quenching, contributes to the additional re-
lease of carbide particles on groups of dislocation
in the volume of the martensite laths (Fig. 1, b).

The existence a section of the structure with
partial loss of contrast is evidence of the develop-
ment dislocation recombination processes. As
a result, against the background of a decrease at
number of dislocations, there is an increase at het-
erogeneity of their location in martensite crystals
(Fig. 1, b).

The appearance of carbide phase particles in
wide walls of dislocations indicates the almost
complete absence of mobile dislocations in the
steel after tempering. This is confirmed by the
hardness (46-47 HRC) and the qualitative coinci-
dence complex of the properties with known re-
sults [22, 25]. After treatment pulses of the stress
thermal hardened steel with a hardness of
46-47 HRC, an increase at hardness by 11% was
obtained. Based on this, according to obtained ef-
fect influence on hardness, the used stress pulse
power is less than the critical value.

The influence of treatment pulses of the stress
on the cyclic loading curves is shown in Fig. 2, a.

First, regardless of the structural state at steel
(thermal hardened or treatment of stress pulse), the
shape of curves remained practically unchanged. In
general, for the studied range ., pulse treatment
leads to a shift of the curve to region of higher cy-
cle amplitudes. At same time, the difference at val-
ues of limited endurance (for convenience, will to
denote Ni — limited endurance after thermal
strengthening and after action of stress pulses —
Ni’) indicates by existence of a qualitative depend-
ence on the degree of cyclic overload (K), which is
equal to the ratio o./0.1, Where o1 is the maximum
amplitude of the cycle under conditions of unlim-
ited endurance.

Thus, for small K (regions B'C" and BC,
Fig. 2, a) for the same ¢, treatment with stress
pulses leads to a significant increase in limited en-
durance: Ni" > Ni.

For example, for o, ~ 550 MPa (Igo. = 2,74),
N; ~ 3.6-10%c, while Ni" ~ 1.3-10%c (Fig. 2, a). As
degree of cyclic overload increases, difference be-
tween Ni” and N; (AN) gradually decreases. This is
due to an acceleration of the transition from one
section to another (i.e. B” and B), and the differ-
ence at angular coefficients for sections A’B" and
AB.

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2025/337870

70

© 1. O. Vakulenko, S. O. Plitchenko, K. Yu. Shevelieva, 2025


http://creativecommons.org/licenses/by/4.0/

MATEPIAJIO3HABCTBO

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka ta mporpec tpancnoprty, 2025, Ne 3 (111)

lgo,

2,8

\.\’E E
2,6

5.2 5,6 6

p, x10!!
cm?

—

3

400 800 0., MPa

Fig. 2. Logarithmic curves cyclic loading of the carbon

steel (a) and change in total dislocation density by three

interferences (b) after thermal hardening (m) and stress
pulse treatment (4)

As a result, with the same cycle amplitude
(i.e. A), the condition will be achieved when
Ni" = Nj = 2.5-10° c. At same time, extrapolation of
the section AB of curve into the region of increas-
ing o, indicates achievement of conditions when
Ni” < N; will be. Thus, the treatment of thermally
hardened steel with pulses of stress has a qualita-
tively different nature impact on the cyclic endur-
ance depending degree of cyclic overload.

Starting from the region of large amplitudes,
where effect pulses of the stress is minimal or ab-
sent altogether (i.e. A), moving along the depend-
ence o, ~ f(N;) towards increasing N; is accompa-
nied by a corresponding increase at cyclic endur-
ance of the metal.

To determine the nature influence pulses of the
stress on the cyclic endurance, change of concen-
tration defects in the crystalline structure of steel
was assessed. Considering that dislocation repre-
sents an elementary carrier of plastic deformation,
the measurement of their number (pna) was carried
out for three crystallographic slip systems. This is
due to the fact that action of the emerging stress
pulse of different power is capable of local temper-
ature increase [17], then the activation of different
dislocation slip systems should be a completely
expected phenomenon. Thus, for steels with a bcc
crystal lattice, for the temperature range from low
temperatures to +180 °C, the movement of disloca-
tions occurs predominantly by the crystallographic
planes {211}.

For temperatures of 200-630 °C, the {110} sys-
tems are activated to a greater extent, and above
1170 °C — {321} [25].

According to a formal assessment, in the form
of a scalar sum over three dislocation slip systems,
it was determined that action of stress pulses con-
tributes to an increase at concentration of disloca-
tions to ensure an increase at limited endurance of
cyclic loading (Fig. 2, b).

The given dependence of the limited endurance
on o, should actually be determined by the ratio
between volumes of metal in the plane deformed
and volumetric stressed state. The given ratio, in
turn, determines the magnitude of the deformation
per cycle and the number of dislocations that pro-
vide it. To estimate the deformation per cycle, the
Coffin-Manson equation was used [8, 16]:

&+(N) =b, (1)

where ¢; is the deformation per load of the cycle, N;
is the limited endurance, a and b are constants, for
carbon steels they are 0.5 and 1, respectively [25].
After substituting the values of a and b into (1)
and performing transformations, & is determined

by:

& = 5 2

After substituting in (2) for the same o, corre-
sponding values of N;, it was found that the defor-
mation per cycle decreased by approximately 20%
after the action of stress pulses.
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To determine the increase in cyclic endurance,

the slope a line of the French (k) was estimated. k=—tgy=— o . (3)
According to the scheme shown in Fig. 3, a, for the (N-D ) N-F)
region limited endurance of steel, k is determined ! :
by the ratio: where y is a slope a line of the French, « is a con-
stant characteristic, Ni® and N;F are the number of
cycles to failure of the samples for the correspond-
ing load amplitudes (points D, F respectively).
a b
o,, MPa
1100
A
B
700
F D é
G
300 £
0,1 0,5 N, x10¢
c
o,, MPa y
1300 -
1000
700
400 t
0 1 2 N;x10¢

Fig. 3. Methodology for determining the angle of inclination line of the French (lines: the fracture Ao, A, B, C, D;
formation of the sub microcracks A, B1, C1, D1 and microcracks A, C, D) (a) and corresponding application
of the method for analyzing cyclic loading curves after thermal strengthening (b) and the action
of stress pulses (c)

After substituting in (3) a« =85 MPa for both It was determined that after action of the stress
thermally hardened steel (Fig.3,b) and after pulses k = 1.24-10* MPa/c, and after thermal hard-
treatment with stress pulses (Fig. 3, c), the corre-  ening 2.8-10° MPa/c.
sponding values of k were determined. The formally, according to (3), k is a measure

decrease at cycle amplitude to ensure an increase at
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limited endurance by one cycle. On other hand,
a line of the French (A:C, Fig. 3, a) is the boundary
separating areas formation are reversible damages

(submicrocracks)  from  non-reversible  (mi-
crocracks).
Indeed, according to the given scheme

(Fig. 3, a), for a certain cycle amplitude (o), in
the region () up to a number cycles of loading
a point of Bi, there are no metal damages. If the
number of cycles exceeds the value By, conditions
for the formation of submicrocracks are created
(area Il of the diagram).

Given the very small size of submicrocracks
and the insufficient intensity of stresses in it
a mouth, their growth is significantly inhibited.
The specified conditions for the existence of sub
microcracks are called often the incubation period
of growth. With further accumulation of loading
cycles (more than point Bi), a gradual increase in
their length occurs in accordance with the increase
at intensity of stresses at its mouth.

Further, at the moment of crossing a line of the
French, the size of damage and the corresponding
intensity of stresses will contribute to an increase
at rate of growth of the metal damage. There is
a transition from the incubation period to growth at
a constant growth rate (region I1I).

Crossing the ABC line is accompanied by fur-
ther changes in the kinetics of damage growth:
from growth at a constant rate to accelerated. De-
pending on the accumulated number of cycles, the
accelerated growth of the microcracks very quickly
passes into an uncontrolled stage, with subsequent
final destruction. Under such circumstances,
a smaller k the higher limit endurance of the metal-
lic material should be expected. In order to confirm
influence action pulses of the stress on the endur-
ance under cyclic loading, let us estimate change at
dislocation density (), which a necessary to main-
tain conditions of the continuous deformation
propagation during the loading cycle:

Ap
A= 4
AN, (4)

where Ap is the change at number of dislocations
according to the change at number of cycles N;.

For points B and D of cyclic loading curve, for
steel after thermal hardening (Fig. 2, b) 4p = pg—
po, A1 by (4) will be equal to 4.8-10* cm™/c.

Similarly, 42 was determined (after stress pulse
treatment), which was 2.7-10° cm?/c. The excess
of A, over A; is approximately an order of magni-
tude. Thus, formation of an additional density of
the mobile dislocations should be considered as
promoting propagation of deformation at a reduced
amplitude of the loading cycle.

Thus, for carbon steel with a structure after
thermal hardening, the formation of an additional
number of mobile dislocations due to pulses of the
stress may be based on the unlocking of disloca-
tions formed at thermal hardening, or due to the
activation of other slip systems not characteristic
of these cyclic loading conditions.

Originality and practical value

Experimental studies have determined that the
action of stress pulses from an external source con-
tributes to an increase at limited endurance of car-
bon steel under cyclic loading. The used analysis
crystallographic systems of dislocation slip showed
that simultaneously with the increase in limited
endurance, there is an increase at accumulated den-
sity of dislocations in different crystallographic
systems of the slip.

The kinetics of the change at density of disloca-
tions depending on the degree of cyclic overload
indicates the existence of different mechanisms of
dislocation growth under the action of stress puls-
es. In general, the obtained effect can be associated
with the development of two qualitatively different
mechanisms. The first is the partial unlocking of
dislocations formed due to the formation of tem-
pering martensite crystals. According to this mech-
anism, the detachment of dislocations from the
attachment sites changes number of mobile dislo-
cations in the {110} and {211} slip systems. The
second mechanism is the activation of the {321}
slip systems, which is not characteristic of these
loading conditions.

A combined analysis nature of change at dislo-
cation density by different slip systems from the
magnitude of limited endurance found of existence
influence degree of cyclic overload of the metal.
Indeed, for same stresses of the cycle amplitude,
effectiveness of the stress pulse action shifts to-
wards decrease cyclic overload degree. This is due
to fact that action of stress pulses, due to the for-
mation of an additional number of dislocations,
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contributes to the propagation of deformation per
cycle at lower load amplitudes.

An additional confirmation of the above posi-
tion is the analysis curves of French. According
results obtained, it was determined that participa-
tion of an increased number of dislocations at
propagation of deformation per cycle shifts the
moment transformation of reversible damage into
irreversible damage towards an increase in the ac-
cumulated number of cycles.

Effect of changing number accumulated of dis-
locations from the action of an external source of
stress pulses has practical significance for as-
sessing the service life of products made of heat-
hardened steels under cyclic loading. With an in-
crease at degree of cyclic overload, the effect of
pulse from an external stress source decreases. The
result presented has practical significance, espe-
cially under conditions appearance of the unpre-
dictable additional, cyclically varying stresses dur-
ing operation of the products.

Conclusions

1. Analysis of the cyclic loading curves of
thermal hardened carbon steel has determined that
due to the action pulses of stress, the value of lim-

ited endurance increases in a wide range of cyclic
overload.

2. Structural studies have determined that, in
proportion to the decrease at magnitude of cyclic
overload, increase in limited endurance corre-
sponds to a higher number of accumulated disloca-
tions by to different sliding systems.

3. The increase at density of dislocations from
the action pulses of stress is due to development
processes of unlocking of dislocations formed after
thermal strengthening and activation of slip sys-
tems not characteristic of steels at that conditions.

4. As a result, action pulses of stress, the propa-
gation of deformation per cycle occurs at lower
load amplitudes, due to the formation of an addi-
tional number of dislocations.

5. Analysis by lines of the French, it was de-
termined that participation of an addition number
of dislocations at propagation of deformation per
cycle shifts a moment of transformation of submi-
crocracks (the damage is reversible) into mi-
crocracks (the damage is irreversible) ones, to-
wards an increase at number of cycles.
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BruiuB iMnyJibCiB HANPYKEHHSI HA 00MeKeHY BUTPUBAJIICTD NPH HUKJIIYHOMY
HABAHTAKEHHI TEPMIYHO 3MILIHEHOI BYIJIeleBOI CTaJIi

Mera. OuUiHUTH BIUIMB IMITYJIbCIB HaNpY)KEHHS Ha IMKJIIYHY BUTPUBAIICTH TEPMIYHO 3MII[HEHOI BYIJIELEBOi
crani. Meroauka. J{jst gocmipkeHHst oOpanuil uct ToBmuHOW 1 MM 3i crani 3 0,42 % C micns nokpamieruas. O0-
poOka ckiamanacs 3 rapryBaHHs Ta Bigmycky mpu 300 °C. 3pa3ku MmijmaBaiucs MUKIIYHOMY HABaHTKCHHIO Ha
mamuai Catypr-10 3a CHMETPMYHOrO MKy 3HAKO3MIHHOTO 3rHHY, 3 dactoToro 100 xBl. O6pobKy iMImymbcaMu
HaTpy)KeHb MPOBOAMIH 32 YMOB «Ickpa—23». [ BU3HAUEHHS [Tii IMITYIIbCIB TOBEPXHEBUX HANPYKEHD HA IUKIIYHY
BUTPHUBATICT 3pa3kH, miciast 50—-60 % oOMexeHOT BUTPHBAIOCTI, MiIiaBanucs 1ii IMIyNbCiB HampykeHHs. [licis
3aBEpIICHHS IMITYIbCHOI OOpPOOKH, 3pa3kKd MPOJOBKYBAIA IMUKIIYHO HAaBaHTAXXYBAaTH 10 MOMCHTY PYyHHYBaHHSI.
I'yctuHy Aucnokamiii BHAMIPIOBANIH 32 METOTUKOI PEHTTCHIBCHKOTO CTPYKTYpPHOTO aHANi3y Ha AudpaxToMeTpi
JPOH-3, 3a inTepdepenmismu (110), (211), (321). Komriekc BIacTHBOCTEH Micis TEPMiYHOTO 3MIITHCHHS BH3HA-
Yaju 3@ CTATUYHOrO PO3TATY, npHu mBuakocti aedopmanii 1072 ¢t Pesyabraru. ITicns o6poOku iMmyabscaMu Ha-
NPYXXEHb JIOCIIPKYBaHOI, TepMIiUHO 3MilHeHOT craii 3 TBepaicTio 46—47 HRC, oTpumany miiBUILIEHHS] TBEPOCTI Ha
11 %. 3a aHani30M KPUBHX LUKJIIYHOTO HABAHTAXXEHHS TEPMIYHO 3MII[HEHOT BYIJIELEBOI CTalli BU3HAYECHO, IO 3a-
BISIKH JTii IMIYJIBCIB HANPY)X€Hb BiI0YBa€ThCS 301IbLICHHS] 0OMEXEHOI BUTPUBAJIOCTI B IIMPOKOMY Jliana3oHi LUK-
JIYHOTO TepeBaHTaKeHHsA. CTPYKTYpHUMH JOCTIDKEHHSIMHU BU3HAYEHO, IO MPOMOPIIIHHO 3HIKEHHIO BETUYHMHH
OUKITIYHOTO MepEeBaHTAKCHHS, IMiIBUIICHHIO 0OMEXCEHOT BUTPUBAIOCTI BiAMOBIIa€ OINBII BHCOKA KUTBKICTH HAKO-
MUYCHUX JTUCIOKAIIN 3a pi3HUX cucTeM KoB3aHHsI. HaykoBa HoBW3HA. 30UTBIICHHS T'yCTHHH TUCIIOKAIINA Bif il
IMITYJICIB HaIpy»XeHb 00yMOBJIEHO PO3BUTKOM IIPOLIECIB YACTKOBOTO PO30JIOKYBaHHS JMCIOKAIIH MiciIs TepMidHO-
TO 3MIIIHEHHS Ta aKTUBallii, He XapaKTepPHUX IJIs CTaJIeil cucTeM KoB3aHHs. B pesynbrati Aii iMIynbcy HalpyXeHb,
PO3IOBCIOKEHHS JeopMalii 3a MUK BiIOYBAETHCS MPHU OUTBII HU3BKHX aMILUTITYIaX HAaBaHTAXKCHHS, 3aBISKU
YTBOPCHHIO JIOJATKOBOI KUTBKOCTI AMCIOKAIii. 3a aHamizoM JiHiH DpeHua BH3HAYEHO, IO YYACTh IiJBUIIEHOI Ki-
JBKOCTI IMCIIOKAIi B PO3MOBCIOPKEHHI Aedopmallii 3a IHKJ, 3CyBa€ MOMEHT NEPETBOPEHHS OOCPHEHHX YIIKO-
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JDKCHD B He 00epHEHi, B Oik 301IbIIEeHAS KUTBKOCTI ITUKITIB. IIpakTH4Ha 3HAYMMicTh. OTpUMaHi pe3yabTaTd AOCIi-
JUKCHb MOXKYTh OyTH KOPHCHHMH JUTS OIIIHKY BIUTUBY 30BHIIIHBOTO JDKepelia HANPYXCHHS Ha MOBEIIHKY BHPOOY
3 BYTJICLIEBO] CTalli 32 [IUKIIIYHOTO HABAHTAXKEHHS.

Knrwouosi cnosa: Byrienesa crainb; TUCIOKALis; aMIUIITYAa LHKITY; IMIYJIbC HalpY)XEHHs; LUKIiYHA BUTPHUBA-
JCTh
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