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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% С after ther-

mal hardening. The treatment consisted of quenching and tempering at 300 °С. 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-1. 

Treatment with pulses of stress was carried out under conditions of «Iskra–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 10-3 s-1. 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 

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 

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 
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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 10–6 to 10–9 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 Ac3, 

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-1, 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 «Iskra–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% HNO3 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), 

(211), (321).  

The complex of properties after thermal harden-

ing was determined under static tension, at a strain 

rate of 10-3 s-1. 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 

1 μ, with a certain density of dislocations 

(Fig. 1, a).  

а 

 

b 

 

Fig. 1. Structure of steel after quenching (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 σа, 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 σа/σ-1, where σ-1 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 σа, treatment with stress 

pulses leads to a significant increase in limited en-

durance: Ni´ > Ni.  

For example, for σа ~ 550 MPa (lgσа = 2,74), 

Ni ~ 3.6·105 c, while Ni´ ~ 1.3·106 c (Fig. 2, a). As 

degree of cyclic overload increases, difference be-

tween Ni´ and Ni (ΔN) 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.  
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a 

 

b 

 

Fig. 2. Logarithmic curves cyclic loading of the carbon 

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

interferences (b) after thermal hardening (■) and stress 

pulse treatment (♦) 

As a result, with the same cycle amplitude  

(i.e. A), the condition will be achieved when 

Ni´ ≈ Ni ≈ 2.5·105 c. At same time, extrapolation of 

the section AB of curve into the region of increas-

ing σа indicates achievement of conditions when 

Ni´ < Ni 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 σа ~ f(Ni) towards increasing Ni 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 (ρhkl) 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 ºС, the {110} sys-

tems are activated to a greater extent, and above 

1170 ºС – {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 σа 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]:  

  i i

a
ε N b  , (1) 

where εi is the deformation per load of the cycle, Ni 

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, εi is determined 

by: 

 
 

i 0,5

i

1
.ε

N
  (2) 

After substituting in (2) for the same σа corre-

sponding values of Ni, 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. 

According to the scheme shown in Fig. 3, a, for the 

region limited endurance of steel, k is determined 

by the ratio: 

 

 D F
i i

.k tg
N - N

 
     

 
  

 (3) 

where γ is a slope a line of the French, α is a con-

stant characteristic, Ni
D and Ni

F are the number of 

cycles to failure of the samples for the correspond-

ing load amplitudes (points D, F respectively).

a                 b 

                  

       c 

 

Fig. 3. Methodology for determining the angle of inclination line of the French (lines: the fracture A0, A, B, C, D; 

formation of the sub microcracks A1, B1, C1, D1 and microcracks A1, 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) α = 85 MPa for both 

thermally hardened steel (Fig. 3, b) and after 

treatment with stress pulses (Fig. 3, c), the corre-

sponding values of k were determined.  

It was determined that after action of the stress 

pulses k = 1.24·10-4 MPa/c, and after thermal hard-

ening 2.8·10-3 MPa/c.  

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 (A1C, 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 (σк
ц), in 

the region (І) up to a number cycles of loading  

a point of В1, there are no metal damages. If the 

number of cycles exceeds the value В1, conditions 

for the formation of submicrocracks are created 

(area II 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 B1), 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 III).  

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 (Λ), which a necessary to main-

tain conditions of the continuous deformation 

propagation during the loading cycle: 

 
i

,Λ
N






 (4) 

where Δρ is the change at number of dislocations 

according to the change at number of cycles Ni.  

For points B and D of cyclic loading curve, for 

steel after thermal hardening (Fig. 2, b) Δρ = ρB –

 ρD, Λ1 by (4) will be equal to 4.8·104 cm-2/c.  

Similarly, Λ2 was determined (after stress pulse 

treatment), which was 2.7·105 cm-2/c. The excess 

of Λ2 over Λ1 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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Вплив імпульсів напруження на обмежену витривалість при циклічному 

навантаженні термічно зміцненої вуглецевої сталі 

Мета. Оцінити вплив імпульсів напруження на циклічну витривалість термічно зміцненої вуглецевої 

сталі. Методика. Для дослідження обраний лист товщиною 1 мм зі сталі з 0,42 % С після покращення. Об-

робка складалася з гартування та відпуску при 300 °С. Зразки піддавалися циклічному навантаженню на 

машині Сатурн-10 за симетричного циклу знакозмінного згину, з частотою 100 хв-1. Обробку імпульсами 

напружень проводили за умов «Іскра–23». Для визначення дії імпульсів поверхневих напружень на циклічну 

витривалість зразки, після 50–60 % обмеженої витривалості, піддавалися дії імпульсів напруження. Після 

завершення імпульсної обробки, зразки продовжували циклічно навантажувати до моменту руйнування. 

Густину дислокацій вимірювали за методикою рентгенівського структурного аналізу на дифрактометрі 

ДРОН-3, за інтерференціями (110), (211), (321). Комплекс властивостей після термічного зміцнення визна-

чали за статичного розтягу, при швидкості деформації 10-3 с-1. Результати. Після обробки імпульсами на-

пружень досліджуваної, термічно зміцненої сталі з твердістю 46–47 HRC, отримали підвищення твердості на 

11 %. За аналізом кривих циклічного навантаження термічно зміцненої вуглецевої сталі визначено, що за-

вдяки дії імпульсів напружень відбувається збільшення обмеженої витривалості в широкому діапазоні цик-

лічного перевантаження. Структурними дослідженнями визначено, що пропорційно зниженню величини 

циклічного перевантаження, підвищенню обмеженої витривалості відповідає більш висока кількість нако-

пичених дислокацій за різних систем ковзання. Наукова новизна. Збільшення густини дислокацій від дії 

імпульсів напружень обумовлено розвитком процесів часткового розблокування дислокацій після термічно-

го зміцнення та активації, не характерних для сталей систем ковзання. В результаті дії імпульсу напружень, 

розповсюдження деформації за цикл відбувається при більш низьких амплітудах навантаження, завдяки 

утворенню додаткової кількості дислокацій. За аналізом ліній Френча визначено, що участь підвищеної кі-

лькості дислокацій в розповсюдженні деформації за цикл, зсуває момент перетворення обернених ушко-
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джень в не обернені, в бік збільшення кількості циклів. Практична значимість. Отримані результати дослі-

джень можуть бути корисними для оцінки впливу зовнішнього джерела напруження на поведінку виробу  

з вуглецевої сталі за циклічного навантаження. 
Ключові слова: вуглецева сталь; дислокація; амплітуда циклу; імпульс напруження; циклічна витрива-

лість 
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