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Аннотация. Изучена эволюция сдвиговой деформации в стали со структурой отпущенного мартенсита при активном растяжении. Цель 

работы – выявление закономерностей развития деформации на масштабно-структурных уровнях: пакет, пластина, фрагмент пакета 
и рейка. Исследуется деформационный рельеф, формирующийся на разных стадиях пластической деформации. Методы исследования: 
оптическая, просвечивающая и сканирующая электронная микроскопия. Измерены количественные характеристики деформационного 
рельефа: мощность сдвига (Р), расстояние (Х) между следами сдвига и их длина. Проведена статистическая обработка, получены 
средние значения характеристик и установлена их связь со степенью пластической деформации. Развитие сдвиговой деформации 
в пакетной составляющей мартенсита происходит с образованием двух подсистем следов сдвига: тонкие и грубые. Подсистемы тонких 
следов формируются с самого начала пластической деформации. Появление и эволюция подсистемы грубых следов коррелирует 
с образованием в образце первой (длинной) шейки, то есть является основным механизмом, приводящим к локализации пластической 
деформации в масштабах образца. Местами локализации грубого сдвига являются приграничные области реек и фрагментов пакета. 
Выявлена связь между локализацией подсистем грубых следов сдвига и формированием фрагментированной дислокационной 
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Abstract. Evolution of shear deformation in steel with the structure of tempered martensite was studied under active tension. Purpose of the work was 

to identify the patterns of deformation development at the scale-structural levels: lath, plate, fragment of a package and a lath. The authors investigated 
the deformation relief formed at different stages of plastic deformation by optical, transmission and scanning electron microscopy. Quantitative 
characteristics of the deformation relief were measured: shear strength (P), distance (X) between the shear traces and their length. Statistical processing 
was carried out, the average values and relationship with the degree of plastic deformation were determined. It was established that development 
of shear deformation in the lath component of martensite occurs with the formation of two subsystems of shear traces: thin and coarse. Subsystems 
of thin traces are formed from the very beginning of plastic deformation. Appearance and evolution of the subsystem of coarse traces correlates with 
formation of the first (long) neck in the sample, and it is the main mechanism leading to the localization of plastic deformation on the sample scale. 
The places of localization of rough shift are the border areas of the laths and fragments of the package. Connection between localization of subsystems 
of coarse shear traces and formation of a fragmented dislocation structure were revealed. The values of the average shear power in thin <P f  > and 
coarse <Ps > traces do not depend on the degree of local plastic deformation of the sample in the entire range of deformation degrees and remain 
constant until destruction (<P f  > = 0.1 μm and <Ps > = 0.3 μm). 
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 Introduction

Structural steels with a quenched and tempered mar-
tensite structure exhibit excellent plastic properties and 
high strength, both during the onset of plastic defor-
mation [1 – 3], and at significant degrees of deforma-
tion [4 – 6]. The internal structure of such steels is hierarchi-
cally organized at a range of scales, from milli meters to tens 
of nanometers [7; 8]. Upon tensile deformation of tem-
pered martensite steels, macro-locali zation of plastic 
deformation occurs, resulting in the formation of one or 
two necks, a (long and short neck [9]. Both necks form 
in accordance with the Considère criterion σ = θ (where σ 
is the stress existing in the sample and θ is the coefficient 
of deformation harde ning). Notably, there is a unique 
interrelation between the value of the area of macro-
localization of deformation and steel plasticity, with 
more plastic steel resulting in a higher bulk of the sample 
involved in the macro-localization of deformation. Later 
studies revealed experimental regularities in the localiza-
tion of plastic deformation in a grain ensemble composed 
of inherited austenite and actual grains of martensitic 
steel [7]. These studies established that plastic defor-
mation self-organizes in groups of actual grains during 
active loading, with the linear sizes of the martensite 
grains self-organizing during deformation comparable 
to those of the inherited austenitic grains. In other words, 
plastic deformation durin g loading is closely related 
to the grain subsystem.

This work aims to detect the regularities of plastic 
deformation localization at the scale of martensitic cons-
tituents, including lath, plate, lath fragment, and rack. 

 Experimental

For this study, 0.34С1Cr3Ni1Mo1VFe steel was 
selected. After undergoing rolling during the final stage 
of thermal treatment, the steel was quenched in water from 
a temperature of 950 °C, followed by tempering at 600 °C 
for 4 h with subsequent water cooling. The resulting struc-
ture of the steel is high-temper mixed lath-plate martensite. 
It should be noted that all carbon is contained within car-
bide deposits, including cementite and special carbides, 
mainly Me2C, Me6C and Me23C. The average linear sizes 
of martensite structural constituents are provided:

Structural element Average linear  
sizes, μm

Lath 4,00×6,0
Plate 2,50×4,0
Lath fragment 0,80×4,0
Crystal of lath martensite (rack) 0,19×4,0
Rack fragment 0,60×4,0

The structure of the steel comprises three main compo-
nents: the boundaries of all martensite structural elements; 
a developed dislocation structure with a dislocation den-
sity of approximately 1010 cm–2; and a subsystem of car-
bide phases consisting of cementite and special carbides. 
The dislocation structure exhibits diversity and is clas-
sified into the following types: mesh, cellular and frag-
mented [10]. Cementite deposits are primarily localized 
at the boundaries of martensite structural constituents, 
while the location of special carbides is closely associated 
with the dislocation substructure. In the mesh-type sub-
structure, special carbides are situated at the mesh nodes, 
while in the cellular and fragmented substructures, they 
are located at the junctions of cell and fragment bounda-
ries, respectively [7].

To study the deformation relief formed on the prelimi-
nary polished surface of samples during plastic deformation, 
the steel was deformed by tension using an Instron machine 
at a rate of 6·10–4 s–1 at ambient temperature. Various ana-
lytical methods were employed, including optical, trans-
mittance (on replicas), and scanning electron microscopy. 
Quantitative properties of the de formation relief, such as 
shear power (P) in slip traces, distance between traces (X), 
and trace length (L) were measured. The results of the mea-
surement were statistically processed to obtain their ave-
rage values.

 Results and discussion

 Shear trace. Systems of shear traces

The shear traces present in the studied steel are prima-
rily located at the boundaries of individual laths and plates, 
as evidenced by the surface images pre-etched on mar-
tensite (Fig. 1, a). Typically, these shear traces are found 
at angles close to 45° with respect to the loading axis. 

структуры. Величины средней мощности сдвига в тонких <P f  > и грубых <Ps > следах не зависят от степени локальной пластической 
деформации образца во всем интервале степеней деформации и остаются постоянными вплоть до разрушения (<P f  > = 0,1 мкм 
и <Ps > = 0,3 мкм). 
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In laths, the first shear traces are generally oriented paral-
lel to the lath habitus plane, resulting in shear occurring 
in parallel to the rack long boundaries along {011} planes. 
Meanwhile, in plates, the shear traces are mainly oriented 
at an angle to the habitus plane. As the degree of defor-
mation increases, the density of shear traces in laths and 
plates increases, leading to the formation of primary shear 
systems. Subsequently, secondary shear systems occur, 
oriented at higher angles to the primary traces. Fig. 1, b 
illustrates a local surface segment of a deformed sample 
(εloc = 0.1), where multiple systems of primary shear 
traces are visible. The primary shear traces are curvilin-
ear for most of their length, a characteristic commonly 
observed in metals and alloys with a BCC lattice [11; 12] 
and specifically, in α-iron [13; 14]. 

In summary, the pattern of shear traces that formed 
during the plastic deformation of martensite laths exhi-
bits distinct features, including discrete average shear 
power, attachment to misorientation boundaries, discon-
tinuity; blur, and the existence of a fine structure of shear 
trace.

 Shear power

As previously mentioned, the initial shear traces 
in laths occur along the long side of the rack at the lath 
boundaries. As the degree of deformation increases, shear 
traces also appear within the laths, initially oriented paral-
lel to the long side of the rack and at higher deforma-
tion degrees at an angle to the rack boundaries (secon-
dary shears). The shear traces exhibit a pattern of both low 
and high shear power, which can be referred to as fine 
and coarse traces, respectively. In this study, the average 
shear power (<P>) was measured for both the primary 
and secondary shear subsystems. The dependence of <P> 
on the degree of deformation is presented in Fig. 2, a, 
showing that the average shear power for both subsys-
tems remains almost constant as the degree of deforma-
tion increases, with values of approximately 0.1 μm for 
fine traces and 0.3 μm for coarse traces. 

 Density of shear traces. Attachment to boundaries
 

The density of shear traces in the primary systems 
increases with the degree of deformation at its initial 
stages. This is evident from the dependence of the mea-
sured distance between the traces (X) on the degree of local 
deformation ε, as shown in Fig. 2, b. The measurements 
were made separately for fine and coarse traces, and 

Fig. 1. Micrographs of the sample surface of 0.34С1Cr3Ni1Mo1VFe 
steel etched on martensite (a) and without etching (b) 

with a deformation degree 0.1 

Рис. 1. Микроснимки поверхности образца стали 34ХН3МФА, 
подтравленной на мартенсит (а), 

и без подтравливания (b), при степени деформации 0,1 

Fig. 2. Dependence of the average shear power in coarse (1)  
and thin (2) shear traces (a) and the average distances  

between coarse (1) and thin (2) shear traces (b) on degree  
of deformation for the studied steel

Рис. 2. Зависимость средней мощности сдвига в грубых (1) 
и тонких (2) следах сдвига (а) и средних расстояний 
между грубыми (1) и тонкими (2) следами сдвига (b) 

от степени деформации для исследованной стали



Izvestiya. Ferrous Metallurgy. 2023;66(2):154–161.
Teplyakova L.A., Kashin A.D., etc. Development of shear deformation in lath martensite of medium alloy steels under tension

157

the respective dependence of average <X> on the defor-
mation degree is illustrated in the same figure. Analysis 
of the obtained dependences and comparison of <X> with 
the transversal sizes of a rack provide the following obser-
vations. At the beginning of deformation, the average dis-
tance between coarse shear traces <Xs > is comparable 
to the width of the lath. Before destruction, there is one 
coarse trace in average for every 4 – 5 racks, and the aver-
age distance between them becomes equal to the average 
width of a lath fragment. The density of fine traces is 
several times higher than that of coarse ones, and their 
occurrence follows a regularity such that before destruc-
tion, one fine trace occurs per rack on average. Com-
parison of the average distance between the traces <X> 
with the average transversal size of laths, plates and 
racks demonst rated that the systems of fine shear traces 
are mainly formed inside the racks and plates along their 
habitus plane. On the other hand, the occurrence of coarse 
traces is related to shear in the near boundary regions 
of the martensite structural constituents such as such as 
racks, lath fragments, laths, and plates [15 – 17].

 Length of shear traces. Discontinuity of traces

The primary system traces exhibit discontinuity, as 
depicted in Fig. 3, a. Although appearing continuous 
at low magnification and having an average length simi-
lar to that of a rack, they are, in fact, composed of brief 
segments of traces that are much shorter than the rack’s 
length. This study measured the length of shear traces (L), 
determined its average value, and established its correla-
tion with the degree of local deformation. Fig. 3, b shows 
the resulting L(ε) curve.

Figures 4, a, b display typical image of fine structure 
of the examined steel, obtained through transmittance 
electron microscopy in light and dark fields. Compa ring 

the average trace length (<L>) with the average sizes 
of the lath and/or rack along the habitus plane, it is evident 
that, at the onset of plastic deformation, the trace length 
is similar to that of the lath size. Subsequently, the ave-
rage trace length decreases to <L> = 1.2 μm during further 
deformation and remains constant until failure. This value 
corresponds to the average distance between cementite 
deposits at the rack boundaries for the steel under con-
sideration. 

Fig. 4, a and b depict the location of carbide phases 
in the laths of the steel, including the positioning 
of cementite deposits at the rack boundaries. By com-
paring the morphology of the shear traces and the ave-
rage distance between them with the distribution pattern 
of cementite deposits a correlation between the pattern 
of shear traces and cementite distribution within the lath 
was identified. In 0.34С1Cr3Ni1Mo1VFe steel after high 
temper, the presence of fine cementite deposits mainly 
at the boundaries of a rack is the primary cause of shear 
localization in the near-boundary region of a rack, where 
systems of coarse shear traces are observed. Conse-
quently, significant shear localization in the near-boun-
dary region of racks leads to the destruction of cementite 
deposits and carbon yield into solid solution and on lattice 
defects [18; 19].

 Blurring of shear traces

It is widely understood [20] that in FCC metals and 
alloys, where the shear planes are strictly defined (i.e., planes 
of dense packing), the observed shear traces on the surface 
of a deformed sample are formed as a result of the emer-
gence of dislocations slipping in one or more close, par-
allel planes, referred to as slip traces. The shear strength 
within these traces (P) is determined by the number of dis-
locations that have occurred and is numerically equivalent 

Fig. 3. Intermittent shear traces on the surface of the 0.34С1Cr3Ni1Mo1VFe steel sample deformed to ε = 0.15 (a), 
and dependence of the length of coarse (1) and thin (2) shear traces on degree of deformation ε (b) 

Рис. 3. Прерывистые следы сдвига на поверхности образца стали 34ХН3МФА, деформированного до ε = 0,15 (а), 
и зависимость длины грубых (1) и тонких (2) следов сдвига от степени деформации ε (b)
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to the shift of crystal parts along these planes [21]. In FCC 
crystals, at least upon moderate deformation, the slip traces 
are limited by nearly parallel straight lines, and with known 
crystallographic conditions, the shear strength can be deter-
mined accurately enough. Such data are currently available, 
for instance, in [15; 21]. However, in crystals with a BCC 
lattice, which are characterized by a rather complicated 
volu metric splitting of total dislocations [12], the slip planes 
are not as strictly defined. As a result, dislocation can eas-
ily change the slip plane (pencil glide), causing the slip 
traces to become blurred. Figure 5, a illustrates the pat-
tern of shear traces observed in the considered steel, where 
a significant portion of the traces has indistinct boundaries. 
In this steel, the blurring effect is not only due to the type 
of martensite crystal lattice (BCC), but also the relatively 
high density of dislocations in the racks, particularly near 
their boun daries.

 Fine structure of shear traces

Targeted studies of the deformation relief using mag-
nifications in the range of 200 – 40,000 have revealed 
the fine structure of shear traces. Shear traces, which 
appear to be continuous at low magnifications, often have 
a complex internal structure (Fig. 5, b). 

Comparing the structure of shear traces with respective 
elements of substructure [7; 18], analyzed by TEM, has 
demonstrated that the fine structure of such traces can be 
related to the formation of fragmented substructure in cer-
tain racks and their groups during plastic deformation. This 
formation of the fragmented substructure in the racks is 

also confirmed by scanning electron microscopy. It should 
be noted that shear traces with fragmentation are charac-
teristic of deformation degrees close to destruction. 

 Average shear value

By utilizing the average shear power in the traces 
and the average distance between the traces, it is fea-
sible to estimate the average shear (γ) localized in them: 
<γ> = <P>/<X>. At the stage of homogeneous macrolevel 
deformation of the considered steel (ε ≤ 0.1), the relative 
shear in fine traces <γ f  > was found to be 0.16, whereas 
in coarse shear traces <γ s > was 0.10. 

At the stage of macro localization of deformation, 
<γ f  > increased to 0.65 and <γ s > to 0.5, and these values 
were retained until the sample’s failure. Thus, the relative 
shear values obtained in this research, which were loca-
lized at the scale of the lath and/or lath fragment, are ulti-
mate for 0.34С1Cr3Ni1Mo1VFe steel. 

 Conclusions

The present study investigates the evolution of defor-
mation relief of the 0.34С1Cr3Ni1Mo1VFe steel with 
tempered martensite structure under plastic deformation.

The study quantitatively examines the development 
of shear deformation in the martensite lath constituent, 
resulting in the formation of two subsystems of shear 
traces: fine and coarse. The fine subsystem is formed from 
the beginning of plastic deformation under uniform defor-
mation conditions, while the coarse subsystem appears 

Fig. 4. Thin-plate cementite precipitation at the laths borders:
a and b – light-field and dark-field images in the reflection [121] of cementite; c – electron-diffraction pattern and its indexed scheme 

Рис. 4. Тонкопластинчатые выделения цементита на границах реек: 
а и b – светлопольное и темнопольное изображения в рефлексе [121] цементита; c – электронограмма и ее индицированная схема 



Izvestiya. Ferrous Metallurgy. 2023;66(2):154–161.
Teplyakova L.A., Kashin A.D., etc. Development of shear deformation in lath martensite of medium alloy steels under tension

159

with the formation of the first neck in the sample and is 
responsible for macro localization of plastic deformation.

The study determined that coarse shear tends to occur 
in the boundary regions of racks and lath fragments. 
This finding suggests a correlation between the forma-
tion of subsystems of coarse shear traces and the frag-
mented dislocation structure observed in the lath.

Based on a high-statistics analysis of deforma-
tion relief, the study experimentally established 
that the average shear power in fine <Pf  > and coarse 
<Ps > traces does not vary with the degree of local plastic 
deformation observed in the steel during tension, across 
the entire range of deformation degrees studied. These 
va lues remained constant up to the point of destruction and 
were found to be <Pf  > = 0.1 μm and <Ps > = 0.3 μm. 

The study also uncovered quantitative relationships 
between the average shear power in the subsystems of fine 
<Pf  > and coarse <Ps > сshear traces and the average trans-
verse sizes of martensite crystals in the considered steel. 
Specifically, <Pf  > was found to be approximately half 
the rack width, while <Ps > was equal to double rack width.

Additionally, the study found that in the high temper 
martensite structure of the steel, there exists an ultimate 
value of average relative shear localized in the scales 
of the lath and/or lath fragment, which equals 0.5.

 References / Список литературы

1. Ivanov Yu.F., Gromov V.E., Popova N.A., Konovalov S.V., 
Koneva N.A. Structural-Phase States and Mechanisms 
of Hardening of Deformed Steel. Novokuznetsk: Poligrafist; 
2016:510. (In Russ.).

 Иванов Ю.Ф., Громов В.Е., Попова Н.А., Коновалов С.В., 
Конева Н.А. Структурно-фазовые состояния и меха-
низмы упрочнения деформированной стали. Новокуз-
нецк: Полиграфист; 2016;510.

2. Harjo S., Kawasaki T., Tomota Y., Gong W., Aizawa K., 
Tichy G., Shi Z., Ungár T. Work hardening, dislocation struc-
ture, and load partitioning in lath martensite determined by 
in situ neutron diffraction line profile analysis. Metallurgi-
cal and Materials Transactions A. 2017;48(9):4080–4092. 
https://doi.org/10.1007/s11661-017-4172-0

3. Kwak K., Mayama T., Mine Y., Takashima K. Anisotropy 
of strength and plasticity in lath martensite steel. Materials 
Scien ce and Engineering: A. 2016;674:104–116.

 https://doi.org/10.1016/j.msea.2016.07.047
4. Jo K.-R., Seo E.-J., Sulistiyo D.H., Kim J.-K., Kim S.-W., 

De Cooman B.C. On the plasticity mechanisms of lath marten-
sitic steel. Materials Science and Engineering: A. 2017;704: 
252–261. https://doi.org/10.1016/j.msea.2017.08.024

5. Jafarian H.R., Tarazkouhi M.F. Significant enhancement 
of tensile properties through combination of severe plastic 
deformation and reverse transformation in an ultrafine/nano 
grain lath martensitic steel. Materials Science and Engineer-
ing: A. 2017;686:113–120.

 https://doi.org/10.1016/j.msea.2017.01.034
6. Shamsujjoha M. Evolution of microstructures, disloca-

tion density and arrangement during deformation of low car-
bon lath martensitic steels. Materials Science and Engineer-
ing: A. 2020;776:139039.

 https://doi.org/10.1016/j.msea.2020.139039
7. Teplyakova L., Gershteyn G., Popova N., Kozlov E., 

Ignatenko L., Springer R., Schaper M., Bach Fr.-W. Scale‐
dependent hierarchy of structural elements in the microstruc-
ture of thermomechanical treated ferritic steels with residual 
austenite. Materialwissenschaft und Werkstofftechnik. 2009; 
40(9):704–712. https://doi.org/10.1002/mawe.200900503

Fig. 5. Blurred shear traces (a) and thin structure of shear traces (b) at ε = 0.1

Рис. 5. Размытые следы сдвига (а) и тонкая структура следов сдвига (b) при ε = 0,1

https://doi.org/10.1007/s11661-017-4172-0
https://doi.org/10.1016/j.msea.2016.07.047
https://doi.org/10.1016/j.msea.2017.08.024
https://doi.org/10.1016/j.msea.2017.01.034
https://doi.org/10.1016/j.msea.2020.139039
https://doi.org/10.1002/mawe.200900503


Известия вузов. Черная металлургия. 2023;66(2):154–161.
Теплякова Л.А., Кашин А.Д. и др. Развитие сдвиговой деформации в пакетном мартенсите среднелегированных сталей при растяжении

160

8. Morsdorf L., Jeannin O., Barbier D., Mitsuhara M., Raa-
be D., Tasan C.C. Multiple mechanisms of lath martensite 
plasticity. Acta Materialia. 2016;121:202–214.

 https://doi.org/10.1016/j.actamat.2016.09.006
9. Teplyakova L.A., Popova N.A., Kozlov E.V. Localiza-

tion of plastic deformation in tempered martensitic steels 
at large-scale levels. Fundamental problems of modern mate-
rials scien ce. 2012;9(4-2):659–663. (In Russ.).

 Теплякова Л.А., Попова Н.А., Козлов Э.В. Локализация 
пластической деформации в отпущенных мартенситных 
сталях на крупномасштабных уровнях. Фундаменталь-
ные проблемы современного материаловедения. 2012; 
9(4-2):659–663.

10. Glezer А.M., Kozlov E.V., Koneva N.A., Popova N.A., 
Kurzina I.A. Plastic Deformation of Nanostructured Mate-
rials. CRC Press; 2017:334. 

11. Redikul’tsev A.A., Uritskii A.G., Puzanov M.P., Belyaevs-
kikh A.S. Formation of internal structure in the deforma-
tion zone during rolling of the BCC single crystal (110)[001]. 
Izvestiya. Ferrous Metallurgy. 2017;60(3):207–215. (In Russ.). 
https://doi.org/10.17073/0368-0797-2017-3-207-215 

 Редикульцев А.А., Урицкий А.Г., Пузанов М.П., Беляевс-
ких А.С. Формирование внутренней структуры в очаге 
деформации при прокатке монокристалла (110)[001] 
с ОЦК-решеткой. Известия вузов. Черная металлургия. 
2017;60(3):207–215.

 https://doi.org/10.17073/0368-0797-2017-3-207-215
12. Sadanov E.V. Crystal geometry of screw disloca-

tion glide in tungsten nanocrystals. Physics of the Solid 
State. 2015;57(2): 249–254. https://doi.org/10.1134/
S1063783415020298 

 Саданов Е.В. Кристаллогеометрия скольжения винтовых 
дислокаций в нанокристаллах вольфрама. Физика твер-
дого тела. 2015;57(2):237–242.

13. Novák V., Šesták B., Zárubová N. Plasticity of high purity 
iron single crystals (II) surface observations. Crystal 
Research and Technology. 1984;19(6):793–807.

 https://doi.org/10.1002/crat.2170190611
14. Xie K.Y., Wang Y., Ni S., Liao X., Cairney J.M., Ringer S.P. 

Insight into the deformation mechanisms of α-Fe 
at the nanoscale. Scripta Materialia. 2011;65(12):1037–
1040. https://doi.org/10.1016/j.scriptamat.2011.08.023

15. Kozlov E.V., Popova N.A., Ignatenko L.N., Grigor’eva N.A., 
Kovalevskaya T.A., Teplyakova L.A., Chukhin B.D. Stages 

of plastic deformation, structure evolution and sliding pattern 
in alloys with dispersed hardening. Izvestiya vuzov. Fizika. 
1991;(3):112–128. (In Russ.).

 Козлов Э.В., Попова Н.А., Игнатенко Л.Н., Гри-
горье ва Н.А., Ковалевская Т.А., Теплякова Л.А., 
Чухин Б.Д. Стадии пластической деформации, эволюция 
структуры и картина скольжения в сплавах с дисперсным 
упрочнением. Известия вузов. Физика. 1991;(3):112–128.

16. Mine Y., Hirashita K., Takashima H., Matsuda M., Taka-
shi ma K. Micro-tension behaviour of lath martensite struc-
tures of carbon steel. Materials Science and Engineering: A. 
2013;560:535–544.

 https://doi.org/10.1016/j.msea.2012.09.099
17. Du C., Hoefnagels J.P.M., Vaes R., Geers M.G.D. Plasti-

city of lath martensite by sliding of substructure boundaries. 
Scripta Materialia. 2016;120:37–40.

 https://doi.org/10.1016/j.scriptamat.2016.04.006
18. Kozlov E.V., Teplyakova L.A., Popova N.A., Ignatenko L.N., 

Klopotov A.A., Koneva N.A. Influence of substructure type 
on carbon redistribution in martensitic steel during plas-
tic deformation. Izvestiya vuzov. Fizika. 2002;45(3):72–86. 
(In Russ.).

 Козлов Э.В., Теплякова Л.А., Попова Н.А., Игна-
тенко Л.Н., Клопотов А.А., Конева Н.А. Влияние типа 
субструктур на перераспределение углерода в стали 
мартенситного класса в ходе пластической деформации. 
Известия вузов. Физика. 2002;45(3):72–86.

19. Koneva N.A., Popova N.A., Nikonenko E.L. Internal stresses 
and their sources in BCC and FCC steels. Solid State Phe-
nomena. 2020;303:128–142.

 https://doi.org/10.4028/www.scientific.net/SSP.303.128
20. Neuhäuser H. Slip-line formation and collective disloca-

tion motion. In: Dislocations in Solids. 1983;6:319–440. 
21. Lapsker I.A., Sharkeev Yu.P., Koneva N.A., Kozlov E.V. 

Electron microscopic method for determining the characte-
ristics of sliding in grains of polycrystals with a fcc-lattice. 
Zavodskaya laboratoriya. Diagnostika materialov. 1998;(3): 
32–35. (In Russ.).

 Лапскер И.А., Шаркеев Ю.П., Конева Н.А., Козлов Э.В. 
Электронно-микроскопический метод определения 
характеристик скольжения в зернах поликристаллов с 
ГЦК-решеткой. Заводская лаборатория. Диагностика 
материалов. 1998;(3):32–35.

Людмила Алексеевна Теплякова, д.ф-м.н., профессор кафедры 
физики, Томский государственный архитектурно-строительный 
университет
ORCID: 0000-0001-5038-7379
E-mail:  lat168@mail.ru 

Александр Даниилович Кашин, аспирант, Институт физики 
прочности и материаловедения СО РАН
ORCID: 0000-0001-1860-3654
E-mail:  kash@mail.ru 

Татьяна Семеновна Куницына, к.ф.-м.н., доцент кафедры выс-
шей математики, Томский государственный архитектурно-стро-
ительный университет
ORCID: 0000-0001-6801-4909
E-mail:  kma11061990@mail.ru 

Lyudmila A. Teplyakova, Dr. Sci. (Phys.–Math.), Prof. of the Chair of 
Physics, Tomsk State University of Architecture and Building
ORCID: 0000-0001-5038-7379
E-mail:  lat168@mail.ru 

Aleksandr D. Kashin, Postgraduate, Institute of Strength Physics and 
Materials Science, Siberian Branch of the Russian Academy of Sciences
ORCID: 0000-0001-1860-3654
E-mail:  kash@mail.ru 

Tat’yana S. Kunitsyna, Cand. Sci. (Phys.-Math.), Assist. Prof. of the Chair 
of Advanced Mathematics, Tomsk State University of Architecture and 
Building
ORCID: 0000-0001-6801-4909
E-mail:  kma11061990@mail.ru 

Information about the Authors Сведения об авторах

https://doi.org/10.1016/j.actamat.2016.09.006
https://doi.org/10.17073/0368-0797-2017-3-207-215
https://doi.org/10.17073/0368-0797-2017-3-207-215
https://doi.org/10.1134/S1063783415020298
https://doi.org/10.1134/S1063783415020298
https://doi.org/10.1002/crat.2170190611
https://doi.org/10.1016/j.scriptamat.2011.08.023
https://doi.org/10.1016/j.msea.2012.09.099
https://doi.org/10.1016/j.scriptamat.2016.04.006
https://doi.org/10.4028/www.scientific.net/SSP.303.128
https://orcid.org/0000-0001-5038-7379
mailto:lat168@mail.ru
https://orcid.org/0000-0001-1860-3654
mailto:kash@mail.ru
https://orcid.org/0000-0001-6801-4909
mailto:kma11061990@mail.ru
https://orcid.org/0000-0001-5038-7379
mailto:lat168@mail.ru
https://orcid.org/0000-0001-1860-3654
mailto:kash@mail.ru
https://orcid.org/0000-0001-6801-4909
mailto:kma11061990@mail.ru


Izvestiya. Ferrous Metallurgy. 2023;66(2):154–161.
Teplyakova L.A., Kashin A.D., etc. Development of shear deformation in lath martensite of medium alloy steels under tension

161

Received 16.03.2022
Revised 22.04.2022

Accepted 24.10.2022

Поступила в редакцию 16.03.2022 
После доработки 22.04.2022 

Принята к публикации 24.10.2022

Л. А. Теплякова – постановка задачи, анализ результатов иссле-
дований, формулировка выводов.
А. Д. Кашин – измерение количественных характеристик дефор-
мационного рельефа и статистическая обработка полученных 
данных.
Т. С. Куницына – комплексное металлографическое и элект-
ронно-микроскопическое исследование.

L. A. Teplyakova – problem statement, analysis of the research 
results, formulation of conclusions. 
A. D. Kashin – measurement of quantitative characteristics of defor-
mation relief, statistical processing of the data obtained.

T. S. Kunitsyna – complex metallographic and electron microscopic 
examination.

Contribution of the Authors Вклад авторов


