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Аннотация. В работе проведено исследование локализации деформации на макромасштабном уровне на стадиях параболического 

деформационного упрочнения и предразрушения в условиях квазистатического нагружения биметалла углеродистая сталь – нер
жавеющая сталь. Проблема оценки масштабов явлений, определяющих пластичность, является решающей при разработке любых 
теорий пластической деформации, в частности, дислокационных. Основной сложностью при построении таких теорий является 
трудность согласования дислокационных масштабов, характерных для большинства механизмов деформации и деформационного 
упрочнения, с макроскопическими параметрами деформационных процессов. В рамках автоволновой модели локализованной 
пластической деформации эта задача может быть сведена к возможности получения параметров из результатов макронаблюдений 
развития локализованного пластического течения. В ходе экспериментов подтверждается, что в биметалле на любой стадии процесса 
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Abstract. The work is devoted to the study of strain localization at macroscale level during parabolic mechanical hardening and prefracture under 

quasistatic loading of a carbon steel – stainless steel bimetal. The problem of estimating the scale of the phenomena that determine plasticity is 
decisive in the development of any theories of plastic deformation, in particular, dislocation theories. The main difficulty in constructing such theories 
is the reconciling the dislocation scales, characteristic for most deformation and mechanical hardening mechanisms, with macroscopic parameters 
of deformation processes. In the framework of the autowave model of localized plastic deformation, this problem can be reduced to the possibility 
of obtaining parameters from the results of macroscale observations of localized plastic flow development. During the experiments, it was confirmed 
that in a bimetal at any forming stage, a specific pattern of localization centers distribution is spontaneously generated  a pattern of localized plastic 
flow. The shape of such patterns is determined by the law of mechanical hardening acting in the material. It is shown that the observed localization 
patterns can be used as an informative feature in predicting the plasticity margin. In the process of uniaxial tension at the stage of parabolic mechanical 
hardening of the bimetal, the deformation mode is realized with the formation of several potential fracture centers. It was established that at the pre
fracture stage, during the time evolution of the wave pattern of deformation localization, the zone of active plastic deformation narrows, but the number 
of centers in it either remains the same with a decrease in the distance between them, or even increases. The result of this process is the formation 
of a macroscopic neck, and then fracture. At the prefracture stage, the collapse point indicates the place of future fracture and signals the need to stop 
the deformation process in order to avoid the fracture of the bimetallic material. Thus, the wellknown manifestation of deformation macroscopic 
localization – formation of a neck – is preceded by complex phenomena of mutually coordinated motion of localized plasticity centers at the pre
fracture stage. 
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 Introduction

In physical description of plastic flow still poses 
an unsolved issue concerning the reasons and essence 
of changes in the pattern of macroscopic localiza
tion and deformational hardening during the transi
tion from one stage of the process to another. While 
the mechanisms of deformational hardening at specific 
stages of deformation have been extensively studied 
at the microscopic level [1], the main problem remains 
unresolved: understanding exhaustion of one mechanism 
and the initiation of another. Consequently, there are gaps 
in the macro scopic description of the plasticity pheno
menon. On the one hand, this hinders a complete compre
hension of material hardening, and on the other hand, it 
impedes the development of technological procedures for 
material processing such as rolling, forging, stamping, 
and drawing, which involve significant plastic deforma
tions [2]. Therefore, there is a need to expand and clarify 
the model and mechanism of metals’ response to exter
nal mechanical impacts. This will facilitate the deve
lopment of a modern variant of plasticity theory, which 
takes into account the physical, mechanical, and materi
als science aspects of the bimetal materials problem [3]. 
Bimetal materials find wide applications in various tech
nological fields due to their ability to provide not only 
qualitatively new product properties but also significant 
savings in expensive materials. During the combined roll
ing of workpieces composed of dissimilar metal compo
nents, the complex development patterns of their plastic 
flow along the length of the deformation center determine 
the intricate formation of the junction zone [4].

Extensive research has been conducted over seve
ral decades to investigate the structure and mechani
cal properties of bimetal materials [5 – 7]. As a result, 
issues related to their production technology have been 
resolved, methods to enhance the mechanical properties 
of finished products have been identified, and a significant 
amount of experimental data has been collected, shedding 

light on various aspects of their structure and property 
control [8 – 11]. However, the existing theoretical con
cepts fail to provide adequate predictions for the failu re 
of bimetals in the form of lamination during plastic 
forming processes. Although the application of layered 
composite materials mechanics approaches [12; 13] has 
allowed for the prediction of lamination in bimetal mate
rials under small elasticplastic deformations [14; 15], 
which are typical for operational loads, forecasting such 
processes under high plastic deformations remains chal
lenging. 

Studies conducted in [16; 17] have demonstrated 
that the patterns of plastic deformation localization in 
tensioned bimetal samples exhibit autowave characteris
tics [18 – 21]. During the elasticplastic transition, locali
zed plastic deformation zones originate in the regions 
of the bimetal junction and propagate as Lueders fronts. 
Initially, they occur in the main layer of low carbon steel 
and subsequently in the cladding layers of stainless 
steel [16; 17]. This research provides data on the distri
bution of local deformations in the main and cladding 
layers of bimetal materials at advanced stages of plastic 
flow and fracture. Furthermore, it enables a compari
son of the localized deformation patterns observed in 
different bimetal components deformed under identical 
conditions.

 Experimental

A corrosion resistant bimetal consisting of low car
bon steel St3sp and stainless steel 12Kh18N9T was cho
sen for the study.

The bimetal was obtained by pouring and sub sequent
 ly rolling into a sheet 8 mm thick sheet.

The method involved preparing two or multilayer 
ingots by pouring one or more layers onto a solid layer 
of a different composition [3]. The main layer, with 
a thickness of approximately 6.7 mm, consisted of low 

формоизменения самопроизвольно генерируется специфическая картина распределения очагов локализации – паттерн локализованного 
пластического течения. Форма таких паттернов определяется действующим в материале законом деформационного упрочнения. 
Наблюдаемые паттерны локализации могут быть использованы в качестве информативного признака при прогнозировании запаса 
пластичности. В процессе одноосного растяжения на стадии параболического деформационного упрочнения биметалла реализуется 
режим деформирования с образованием нескольких потенциальных очагов разрушения. Установлено, что на стадии предразрушения 
в ходе временнóй эволюции волновой картины локализации деформации зона активной пластической деформации сужается, но количество 
очагов в ней сохраняется при уменьшении расстояния между ними или даже возрастает. Результатом этого процесса является образование 
макроскопической шейки, а затем разрушение. На стадии предразрушения точка коллапса указывает на место будущего разрушения и 
сигнализирует о необходимости остановки процесса деформирования во избежание разрушения биметаллического материала. Таким 
образом, общеизвестное проявление макроскопической локализации деформации – образование шейки – предваряется сложными 
явлениями взаимосогласованного движения очагов локализованной пластичности на стадии предразрушения в биметаллах. 
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carbon steel St3sp. The upper and lower cladding layers, 
with a thickness of approximately 0.75 mm, were made 
of stainless steel 12Kh18N9T. Flat samples, measuring 
42×8×2 mm, were cut from sheets of threelayer metal in 
such a way that the working surface (observation surface) 
was perpendicular to the sheet rolling direction.

The microstructure and elemental composition of the 
bimetal junction zone have been extensi vely discussed 
in [16; 17]. The structure of the base metal St3sp is typi
cal of low carbon steels, with a ferrite matrix containing 
a small amount of pearlite. The structure of the cladding 
metal 12Kh18N9T is characteristic of stainless steels, con
sisting of elongated austenite grains aligned along the roll
ing axis. The formation of α′ martensite deformation in 
the cladding layer of stainless steel 12Kh18N9T, result
ing from the tension of the 12Kh18N9T + St3sp bimetal, 
was determined through Xray diffraction analysis. Xray 
diffraction patterns were obtained using monochroma
tized CuKα radiation with a DRON3 facility. Analysis 
of the Xray diffraction patterns of the bimetal’s surface 
layer revealed that the initial state consisted solely of aus
tenite (γ phase) with a lattice parameter of a = 3.5999 Å. 
Upon tensile deformation of the bimetal samples, a defor
mationinduced γ – α′ phase transformation occurred 
in the surface layers of stainless steel 12Kh18H9T [9], 
resulting in a twophase structure with varying ratios 
of α and γ phases. With a total deformation εtot = 15 %, 
the content of α′ martensite (a = 2.8873 Å) was approxi
mately 52 ± 4 %, while the remaining phase was austen
ite (γ phase) with a lattice parameter of a = 3.5999 Å. 

The samples were subjected to stretching using 
a Walter + Bai LFM125 testing machine at an ambient 
temperature, with a deformation rate of 6.67·10–5 s–1. 
To analyze the stages of deformation hardening described 
by the Ludwik–Hollomon empirical equation σ = Kεn 
(where K and n are material constants), the values of K 
and n were determine by plotting the “stress – true defor
mation” relationship on double logarithmic coordinates 
ln(s – s0 ) = f (ln e).

According to the concept of material failure, conside
ring damage accumulation [13], the damage parameter D 
can be calculated as follows [22]:

          (1)

where E0 is the elasticity modulus (Young’s modulus);  
is the secant modulus. 

In this study, the secant modulus was determined from 
the slope of the linear section of the tension diagrams 
obtained in the cyclic loadunload mode, with an interval 
of 2.5 % of the total deformation.

To observe the macroscopic localization of plastic 
deformation, a technique combining mechanical tests for 

uniaxial tension with the correlation of digital speckle 
images was employed. This technique enables the recon
struction of displacement vector fields on the surface 
of flat samples at different stages of the process and 
the calculation of the components of the plastic defor
mation tensor. Further details and the capabilities of this 
technique are described in [18 – 21] and will not be dis
cussed further in this context. 

 Results and discussion

Previous research [16] has demonstrated that during 
the tensioning process of a bimetal specimen composed 
of low carbon steel St3sp and austenitic stainless steel 
12H18N9T, which have different mechanical properties, 
the initial plastic flow occurs in the softer main layer, while 
the more resilient cladding stainless steel layer deforms 
elastically. Both the base layer and the cladding layer 
undergo plastic deformation in the flow region. Analysis 
of the distribution patterns of local deformations revealed 
that, during the early stages of plastic flow in the three
layer bimetal, a single front in the form of the Cher
nov–Lueders band (CLB) first appears at the interface 
of the composite in the main layer of low carbon St3sp 
steel, subsequently initiating the formation of the CLB 
front in the 12H18N9T steel cladding layer. A single 
localization front propagates throughout the entire flow 
region, encompassing both the main and cladding layer.

During the stage of parabolic deformation harde
ning, a system of stationary areas of plastic deforma
tion localization εxx with a spatial period of λ = 4 ± 1 mm 
is observed in the main layer of low carbon steel St3sp 
bimetal (Fig. 1, a). It is worth noting that a change in 
the increments of local strains εxx(x, t) in the main St3sp 
layer was observed during the transition from the stage 
of parabolic strain hardening to the stage of prefracture 
of the bimetal (Fig. 1, b). 

Subsequently, during the prefracture stage of the 
bimetal, the previously immobile centers of plastic 
deformation localization εxx in the main St3sp layer 
begin to move coordinately, converging towards a high
amplitude maximum of local deformations. Simi
lar to a monolithic sample of St3sp low carbon steel, 
the presence of a highamplitude maximum in the form 
of localized elongation distributions indicates the forma
tion of a macro scopic neck and future ductile fracture 
within the main layer of the St3sp bimetal. 

To conduct a comprehensive analysis of the evo
lution of localized elongation distributions εxx during 
the transition from the parabolic stage of strain harde
ning to the prefracture stage of the bimetal, we exami
ned the changes in the overall values of the εxx compo
nent at various points along the tension axis. Specifically, 
we focused on the main layer of the St3sp steel bimetal 
(Fig. 2, a, points 1 – 4) and the vicinity of the material 
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junction zone (Fig. 2, a, points 1′ – 4′) within the time 
interval of t = 1400 ÷ 3850 s, corresponding to a total 
deformation of εtot = 0.12 ÷ 0.33.

The investigation has revealed that the average total 
value of localized elongations, εxx remains relatively 
constant during the parabolic deformation harde ning 
stage. However, it begins to deviate from this constant 
level at a total strain of εtot = 0.19 ÷ 0.25, marking 
the transition from the parabolic strain hardening stage 
to the prefracture stage (Fig. 2, b, curves 1 and 2). In 
the region of plastic deformation localization (Fig. 2, a, 
points 4 and 4′) both in the main layer of low carbon steel 
St3sp (Fig. 2, b, curve 2) and near the cladding layer 
of stainless steel 12Kh18N9T (Fig. 2, b, curve 1) a signi
ficant increase in the total values of localized elongations, 
εxx is observed. This increase corresponds to the transi
tion from the parabolic strain hardening stage to the pre
fracture stage of the bimetal.

By taking the logarithm of the εxx (ε/δ) dependen
cies (Fig. 2, b, curves 1 and 2), it was possible to iden
tify linear segments with different slopes. The first 
point of intersection of these straight lines represents 
the start of the parabolic deformation hardening stage, 
while the second point indicates its end and the transi
tion to the prefracture stage.

Mathematical analysis of the εxx (ε/δ) dependences 
(Fig. 2, b, curves 1 and 2), which correspond increase 
in localized elongations in the localization zone 
of the main and cladding layers of the bimetal during 
the prefracture stage, was performed using the double 
tcriterion method [23]. Statistical analysis revealed 
that the difference in the slope of curves 1 and 2 
(Fig. 2, b) for the base and cladding metals is signifi
cant, as the double tcriterion | t | = 17.5 > 2.3, indicating 
| t | > tα, f  , where the reference value of the Student’s coef
ficient tα, f  = 2.3 [23].

Fig. 2. Areas for analysis of local elongations total values 
during transition to prefracture in the fracture center in the base 
and cladding layers of 12Kh18N9T + St3sp bimetal with total 

deformation εtot = 0.28 (a); dependence of distributions 
of total local elongations εxx (1 – cladding layer 12Kh18N9T; 

2 – base layer St.3sp) and damage parameter D (1′ – cladding layer 
12Kh18N9T; 2′ – base layer St3sp) on the bimetal normalized 

plasticity ε/δ (b) 

Рис. 2. Области для анализа суммарных значений локальных 
удлинений при переходе к стадии предразрушения 

в очаге разрушения в основном и плакирующем слоях биметалла 
12Х18Н9T + Ст3сп при общей деформации εtot = 0,28 (а); 

зависимости распределений суммарных локальных удлинений εxx 
(1 – плакирующий слой 12Х18Н9Т; 2 – основной слой Ст3сп) 

и параметра поврежденности D (1′– плакирующий слой 12Х18Н9Т; 
2′– основной слой Ст3сп) от нормированной пластичности ε/δ 

биметалла (b)

Fig. 1. Kinetic diagrams X(t) of the positions of localized strain 
maxima εxx along the tension axis with time t in the base layer 

of 12Kh18N9T + St3sp bimetal at parabolic mechanical hardening (a) 
and distribution of local elongations εxx (x, t) during transition 

from parabolic mechanical hardening to prefracture (b) 

Рис. 1. Кинетические диаграммы X(t) положений максимумов 
локализованной деформации εxx вдоль оси растяжения с течением 

времени t в основном слое биметалла 12Х18Н9T + Ст3сп 
на стадии параболического деформационного упрочнения (а) 

и распределение приростов локальных удлинений εxx (x, t) 
при переходе от стадии параболического деформационного 

упрочнения к предразрушению (b)
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The results indicate that during the transition from 
the parabolic stage to the prefracture stage of the bimetal, 
the increment of localized elongations εxx in the localiza
tion center (Fig. 2, a, points 4 and 4′) is greater in the clad
ding layer of stainless steel 12Kh18N9T (Fig. 2, b, 
curve 1) compared to the main layer of low carbon steel 
St3sp (Fig. 2, b, curve 2). This difference is likely associ
ated with the nature of damage accumulation in the dif
ferent layers of the bimetal during stretching. 

The damage parameter D was calculated using Equa
tion (1) during the uniaxial tension mechanical tests in 
the loadunload mode. Analysis of the data revealed 
an exponential relationship between the damage parameter 
and the total tensile strain in both individual components 
and the bimetal specimens. Considering the significant 
differences in the mechanical properties of the mate
rials in different layers of the bimetal, it is more reaso
nable to examine the dependence of the da mage para
meter D on the normalized total tensile strain ε, relative 
to the elongation at fracture δ for each material. From 
the combined dependencies of total localized elongations 
εxx and the damage parameter D on the normalized plas
ticity ε/δ (Fig. 2, b), it can be observed that the accumu
lation of damage and the increase in localized elonga
tions at the same level of total deformation occur more 
rapidly in the cladding layer of austenitic stainless steel 
12Kh18N9T (curves 1 – 1′) compared to the main layer 
of low carbon steel St3sp (curves 2 – 2′) in the bimetal.

It has been determined that the fracture of the bimetal 
initiates at a total deformation of εtot = 0.33, where 
a crack forms in the cladding layer of stainless steel. Sub
sequently, the crack propagates into the main layer of low 
carbon steel and divides into several microcracks during 
its propagation. The primary crack in the main layer fol
lows a stepwise zigzag trajectory. Once the crack traverses 
the entire crosssection of the samples at a total deforma
tion of εtot = 33.5, the bimetal experiences complete frac
ture. The fracture behavior of low carbon steel St3sp and 
austenitic stainless steel 12Kh18N9T differs significantly. 
The main component of the bimetal, St3sp steel, exhibits 
a viscous fracture mechanism, while the cladding layer 
composed of 12Kh18N9T steel undergoes brittle frac
ture [24]. These findings substantiate the distinct nature 
of the damage parameter dependencies in different layers 
of the bimetal during loading (Fig. 2, b). 

During uniaxial tension of the bimetal beyond the yield 
point, the occurrence of microcracks at the interface between 
the two layers is observed, particularly on the cladding side. 
This phenomenon can be attributed to the presence of a stress 
gradient in the junction zone, which arises due to chemical 
and structural heterogenei ties [16; 17]. Although stainless 
steel 12Kh18N9T possesses high strength and ductility in 
its monolithic state, the joint deformation of the bimetal, 
rolled to a thickness of 8 mm, leads to more intense plastic 
deformation locali zation and the accumulation of micro

cracks in the cladding layer compared to the lowstrength 
main layer of low carbon steel. 

 Conclusions

During the analysis of localized deformation patterns 
in the 12Kh18N9T + St3sp bimetal at advanced stages 
of plastic flow using speckle image correlation, the fol
lowing regularities were observed. 

In the main layer of low carbon steel (St3sp) bimetal, 
during the parabolic deformation hardening stage, a sta
tionary system of equidistant areas of deformation locali
zation is formed with a spatial period of approximately 
4 ± 1 mm. At the prefracture stage, the fixed centers 
of plastic deformation localization within the main layer 
initiate coordinated movement towards the center charac
terized by high amplitudes of the εxx component of local 
elongation. This movement eventually leads to the for
mation of a neck region and subsequent ductile fracture 
of the specimen. 

A significant exponential growth in the cumulative 
value of localized elongations εxx was observed during 
the transition from the parabolic deformation hardening 
stage to the prefracture stage in the region where the neck 
of the bimetal forms. This growth in elongations was 
observed in both the main layer of low carbon steel and 
the cladding layer of stainless steel.
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