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Abstract.  The kinetics of plastic flow localization in low carbon steel/stainless chromium-nickel steel 

(ASTM A414 grade A / AISI 304) composite under uniaxial tensile testing is studied via digital speckle image 

correlation method. The types and parameters of local deformation in the base and cladding layers of the 

composite are determined at different stages of work hardening. It is found that in the low carbon steel basal 

layer, the distribution of localized deformation at the yield plateau represents a single localized front similar 

to the Lüders band. In the austenitic steel coating layer, the distribution of localized deformation at the yield 

plateau represents localized fronts similar to the Portevin–Le Chatelier effect bands. 
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1. Introduction 
 

The development of modern technology has led to the need to create materials with a complex 

of properties that provide high strength, corrosion resistance, thermal conductivity, heat resistance, 

wear resistance, etc. (Pelleg 2013). In this respect, particular attention is paid to composites made 

by combining two or more dissimilar metals into a monolithic composition that preserves the reliable 

linking between the constituents during further processing under operating conditions (Xiao et al. 

2012). There are currently numerous methods to obtain bimetals with various functions and 

compositions (Li et al. 2022), which allow one to take into account the specificities of each type of 

materials. Many studies have been devoted so far to the mechanical properties of bimetals (Li et al. 

2020). For instance, the strong junction between metal layers over the entire contact surface is the 

main purpose in the production of metal composites. At the same time, it is important to achieve the 

required ratio of layer thicknesses, as well as the structure and properties of the finished composite 

(Li et al. 2018). Moreover, the combination of hard steel with softer one makes it possible to 

significantly increase the service life of bimetallic products. The effect of heat treatment on the 

interfacial characteristics, mechanical properties and fracture behavior of a bimetallic composite 

made of duplex stainless steel 2205 / carbon steel AH36 has been considered in detail in work (Li et 

al. 2020). Heterogeneity of both the microstructure and chemical composition has been observed in 

the zone adjacent to the interface. It was established that the diffusion transition zone of the Cr and 
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Fe alloy elements between the 2205 component and the AH36 steel layers tended to enlarge with an 

increase in the annealing temperature. The results of shear and tensile tests showed that the tensile 

strength of the 2205/AH36 bimetallic composite gradually decreased, but the elongation during 

fracture increased with the rising annealing temperature. Besides that, a wider diffusion zone of 

alloying elements led to the increase in interfacial shear strength and plasticity of the bimetallic 

composite. The study (Ea et al. 2016) provides deformation field maps under quasi-static and 

dynamic uniaxial tension of Ti/Al laminated slabs obtained via explosion welding. The energy 

dispersive spectroscopy and high-resolution synchrotron X-ray diffraction analyses of samples 

loaded in the directions parallel and perpendicular to the interface enabled one to identify various 

mechanisms of deformation of layered composites. In particular, it was found that plastic 

deformation and failure of slabs proceeded mainly in the perpendicularly loaded Al layer. At the 

same time, for the load applied parallel to the interface, both Ti and Al layers and the interface of 

the layered material played an important role for plastic flow processes. 

At the same time, despite the high strength, bimetallic materials are very sensitive to defects such 

as “delamination” that emerge at the junction boundary during manufacture and operation, still 

limiting the widespread use of related products in industry. Besides, the uneven deformation of 

layered compositions during rolling, depending on various factors (e.g., the ratio of deformation 

resistances of the components composing the bimetal, the initial thicknesses of the layers and their 

stacking order, the parameters of the deformation foci, as well as the contact friction forces and 

tangential stresses at the junction boundaries), has a negative effect on the rolling process and the 

properties of the bimetal by provoking significant residual stresses that can cause and fracture of 

monolithic materials (Asaro and Lubarda 2006) and individual components of layered structures 

(Rizov 2012) fail to directly assess the localization of plastic deformation and cracking within the 

junction of layers.  

During recent decades we have been engaged in research into the macro-scale development of 

plastic flow. There are two ways to describe strength and plasticity. The first one is based on the 

theory of defects in the crystal structure (dislocations) (Argon 2008) and the second one uses the 

methods of mechanics of deformable solids (Han 2005). The corresponding approaches differ 

mainly in the scale of averaging the properties of the deformable medium. The dislocation approach 

is microscopic and aims to describe the elementary acts of plasticity, while the mechanical approach 

is used to establish a functional relationship between the loads applied to the body and the 

deformations in it, while tending to the macroscopic scale. Unfortunately, these approaches are 

difficult to reconcile with each other, which prevents the construction of a unified theory of plasticity 

suitable for all materials. The reason for this situation is the huge difference in the spatial scales of 

microscopic and macroscopic effects of plasticity. 

The inadequacy of traditional approaches initiated the search for new views on the nature of 

plasticity, which would take into account such important properties of a deformable medium as its 

multiscale nature (Zaiser 2006). 

Dissatisfaction with the possibilities of traditional approaches brought a new paradigm, based on 

the theory of nonequilibrium systems (Dodd et al. 1982). Seeger and Frank (1987) interpreted the 

response of a medium to a load as a process of its structuring (self-organization). An approach began 

to be studied in which the evolution of plastic flow was interpreted as a process of self-organization 

of an ensemble of defects in a crystalline solid. 

An important step was the advancement of a hypothesis about the nature of plasticity (Zuev and 

Barannikova 2019) according to which self-organization of a defective structure of a material takes 

the form of a macroscale localization of plastic deformation and accompanies the deformation 
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process from an elastic–plastic transition to failure. Localization acquires in this way different 

configurations and serves as a source of information about plastic flow. 

The validity of the hypothesis was proved in a series of systematic experiments carried out on 

more than 50 different materials (Zuev and Khon 2022). In their course, it was found that the regions 

of localized strain during plastic flow self-organize on the sample surface into a specific pattern, the 

morphology of which carries quantitative information about the kinetics of the spatiotemporal 

evolution of deformation processes (Scott 2003). 

On the basis of the proposed hypothesis about the universality of the macroscale strain 

localization, the autowave concept of plastic flow of materials was developed (Zuev and 

Barannikova 2019). Within its framework, it is assumed that the deformation processes in the 

medium are concentrated in the centers of strain localization, which spontaneously form an ordered 

evolving deformation structure. This structure exists in the form of autowaves of localized plastic 

flow, and the pattern is a projection of autowaves onto the surface of a deformable sample. 

The fundamental principles of the autowave concept of plastic flow reduce to the experimentally 

established correspondence rule, which asserts that the autowave modes successively formed in the 

medium are uniquely associated with the stages of work hardening (Argon 2008), i.e.: 

— the stage of the yield plateau (Luders deformation) corresponds to the switching autowave; 

— a jump-like deformation (the Portevin–Le Chatelier effect) corresponds to an excitation 

autowave; 

— at the stage of linear work hardening, a phase autowave is formed; 

— with parabolic work hardening, a stationary dissipative structure arises; 

— at the pre-fracture stage, the process ends with the collapse of the localized flow autowave. 

Thus, in the light of the autowave concept, the process of plastic flow is regarded as a regular 

change of autowave modes, each of which is controlled by the operation of a specific dislocation 

strain mechanism that ensures the fulfillment of the law of strain hardening characteristic of a given 

stage of the plastic flow process (Argon 2008). The correspondence rule provides a predictive 

capability of the developed autowave model of plasticity. As the experimental analysis of the 

evolution of the localized plasticity pattern has shown, the rule is fulfilled at any stage of the 

deformation process and is valid for metals and alloys. This makes the autowave approach to 

describing the phenomenon of plasticity universal and suitable for explaining the dynamics of 

deformation of materials, regardless of their nature and structure. 

In this regard, it is worth understanding how the localized plastic deformation can develop in a 

composite material consisting, for example, of metals with various types of plastic flow whereby 

one component undergoes deformation according to Lüders mechanism, and the other one 

experiences martensitic transformation. The answer to this question may have a great practical 

meaning related to pressure-assisted treatment of multilayer structural steel–stainless steel materials 

used in chemical engineering.  

 

 

2. Materials and methods 
 

A three-layer composite was produced via cladding with subsequent rolling to achieve the 

thickness of 8 mm (Barannikova et al. 2018). The steel sheet was prepared by hot rolling, from a 

ingot obtained by the addition of a hot metal (ASTM A414 grade A steel) between two coating AISI 

304 steel sheets placed in a mould. The rolling temperature ranged between 1200–1400°C. The 

cladding layers of AISI 304 austenite stainless steel were 0.75 mm thick and consisted of doped  
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Fig. 1 SEM image and elemental distribution near the interfaces between the base (1) and cladding (2) layers 

 

 

austenite (-Fe, FCC). The base layer of ASTM A414 grade A low-carbon steel with 6.5 mm thick 

was a quasi-pure ferrite (α-Fe, BCC). Microstructural studies (Fig. 1) were carried out using 

scanning electron microscope (SEM) LEO EVO-50 (Carl Zeiss, Oberkochen, Germany) with the 

Oxford Instruments attachment for X-ray dispersion microanalysis. The structure of the cladding 

metal is typical of stainless steels and reveals austenite grains extended along the rolling direction. 

The basic metal exhibits the structure typical of low-carbon steels with a ferrite matrix including a 

small amount of perlite. The microstructure of composite in the junction zone were considered in 

work (Barannikova et al. 2018). The zone of the base metal, consisting of ferrite and pearlite is 

located at a distance of 2 mm from the interface. A partially decarburized region was observed at a 

distance of 200 μm from the interface, and a decarburized layer of ferrite, at the interface. Individual 

inclusions and pearlitic interlayers were observed in the partially decarburized region of the low-

carbon steel along ferrite grain boundaries. The cementite of pearlite looks like thin parallel lamellae, 

alternating with ferritic lamellae. Cementite lamellae are discontinuous; they are curved and 

different in thickness, which may indicate heterogeneous precipitation of cementite within a single 

grain. The content of Fe, Cr, Ni and C elements changed near the interfaces between the base and 

cladding layers due diffusion of elements from stainless steel into low carbon steel. The chromium 

content in low-carbon steel increases from 0.17 to 0.39 wt % with decreasing distance to the 

interface. However, the chromium content decreases from 17.15 to 15.5 wt % from the side of the 

cladding layer (austenitic steel) in the junction region. The carbon content at a distance of 10 μm 

from the interface increased from initial 0.12 to 0.32 wt % in the austenitic steel. The distribution of 

elements (Fig. 1) is in agreement with the microhardness distribution over the bimetal thickness.  

The microhardness at the interface is much higher than that of the base and the cladding layers. 

Such a change in the microhardness over the interface width can be explained by the following two 

competing effects due to directional flows: carbon from the low-carbon steel and alloying elements 

(Cr and Ni) from the austenitic steel. The first flow causes softening of the material and the formation 

of a ferritic structure near the interface in the low-carbon, where a pearlite structure initially was 

observed. The second flow, on the contrary, causes hardening. After the end of the yield plateau, 

microcracks and martensitic α' - phase were observed in the cladding layer of the stainless steel 

composite as a result of the γ-α' phase transformation (Shin et al. 2001). The amount of α'-martensite 

phase in the cladding layer of AISI 304 stainless steel in the deformed composite was determined 

via X-ray diffraction on the DRON-3 installation using monochromatic Cu Kα radiation (Fig. 2). 

The XRD analysis of the surface layer of AISI 304 steel in the composite showed that the initial 

structure contained only austenite (γ-phase) with a lattice parameter a = 3.5999 Å. In turn, a 

deformation-induced γ-α'-phase transformation was realized in tensile-deformed surface layers of  
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(a) The non-deformed state (b) The yield plateau 

Fig. 2 X-ray diffraction patterns for the cladding layer 

 

 

AISI 304 stainless steel (Shin et al. 2001), and a two-phase structure with different ratios of α’- and 

γ-phases was revealed. Austenitic steel AISI 304 has an unstable structure in which phase 

transformations with the formation of α'-phase particles can occur under the applied load (Shin et 

al. 2001). The features of localized plastic flow in metastable austenitic steels under tensile testing 

were investigated in study (Barannikova and Iskhakova 2022). 

The composite samples were cut so that the base and cladding layers could be seen on the 

observation surface. The samples had the dimensions of 42×8×2 mm and were loaded at 300 K at a 

rate of ~8·10-5 s-1 on a Walter Bai AG LFM-125 testing machine. The stress-strain curve of the 

composite included the regions of elastic and plastic strains and failure. The composite plastic strain 

curve located between two curves of its components (Barannikova et al. 2018). Similarto the ASTM 

A414 grade A specimen, the stress-strain curves of the AISI 304 specimen showed the peak and the 

yield plateau, both appeared prior to those in the ASTM A414 grade A specimen. 

The mechanical properties of the three-layer composite differed from that of its components 

(Table 1). The yield point of the composite approached to the yield point of the ASTM A414 grade 

A specimen, whereas the yield point of the AISI 304 specimen was higher than in the ASTM A414 

grade A, but two times lower than in the AISI 304 specimen. The evolution of macroscopically 

localized plastic flow bands was visualized and monitored via the digital speckle image correlation 

technique (Zuev and Barannikova 2019). The digital speckle image correlation consists in high-

accuracy determination of displacement fields by tracking the surface changes and comparing 

digital images acquired during uniaxial tensile. This technique is intended for local rate estimation 

for laser speckle patterns by implying first-order statistics (Welford 1975). The physical basis of the 

proposed technique and its implementation are described for the case of diffuse object in the work 

(Ohtsubo and Asakura 1976). On the basis of speckle field statistics (Ohtsubo and Asakura 1976), 

the motion rate of the point is inversely proportional to the mean-square dispersion of brightness 

and is directly proportional to the mean brightness squared for the measured point in the time period. 

Plastic deformation investigations are carried out for metals and alloys using nontransparent 

samples; therefore, we examined the statistics of speckle patterns on the sample surface. An analysis 

of the speckle patterns observed experimentally for such diffuse scattering objects suggests that the 

rate measured for a point on the sample surface is directly proportional to the dispersion of brightness 

in the time interval. In plastic deformation investigations an analysis of first-order statistics may be 

supplemented by the application of the conventional speckle photography technique (Jones and  
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Table 1 Mechanical properties of metals 

Material Yield Strength, MPa Ultimate Tensile Strength, MPa Total Elongation, % 

Low-carbon Steel ASTM 

A414 Grade A
 2553

 
3804 311 

300
 

0.21
 

  

Stainless Steel AISI 304
 

2164
 

7303 702 

 

 

Wykes 1983); then both sets of data on local strain fields could be matched. To this end, the opposite 

side of the sample placed in the clamps of the testing machine is illuminated by the coherent light 

and its speckle photographs are obtained as well. 

The decoding procedure of speckle photographs is as follows. First, the tilt and step of the Young 

bands is determined for pre-assigned points of specklograms, and displacement vector fields r(x, y) 

during deformation of flat samples are calculated for the following plastic distortion tensor 

components: 

𝛽𝑖𝑗 = 𝛻𝑟(𝑥, 𝑦) =|
𝜀𝑥𝑥 𝜀𝑥𝑦
𝜀𝑦𝑥 𝜀𝑦𝑦

| + 𝜔𝑧 (1) 

where  

|
𝜀𝑥𝑥 𝜀𝑥𝑦
𝜀𝑦𝑥 𝜀𝑦𝑦

| ≡ 𝜀𝑖𝑗 (2) 

is the plastic strain tensor and ωz is the rotation about the z axis. The components of tensor (1)  

𝜀𝑥𝑥 =
𝜕𝑢

𝜕𝑥
, 𝜀𝑦𝑦 =

𝜕𝑣

𝜕𝑦
, 𝜀𝑥𝑦 =

1

2
(
𝜕𝑣

𝜕𝑥
+

𝜕𝑢

𝜕𝑦
) = 𝜀𝑦𝑥,  𝜔𝑧 =

1

2
(
𝜕𝑣

𝜕𝑥
−

𝜕𝑢

𝜕𝑦
) (3) 

are, respectively, the local tension, narrowing, displacement, and rotation; u=rcosϕ and v =rsinϕ are, 

respectively, the longitudinal and transverse components of the displacement vector r; and ϕ is the 

angle between the vector r and tension axis direction. 

Numerical operations of smoothing, missing data reconstruction, and differentiation were 

performed using the RED32 program. Differentiation was carried out over five points of the 

dependences u(x), u(y), v(x), and v(y), followed by cubic spline interpolation. 

The program creates data files εxx(x, y), εyy(x, y), εxy(x, y), ωz(x, y) and graphically represents the 

results in the form of displacement vector fields r(x, y), transformation patterns of rectangular 

meshes on the sample surface or the distributions of distortion tensor components (1) over the 

sample. Then, quantitative data on the kinetics of the development of plastic flow localization are 

obtained from the time dependences of coordinates X of localization nuclei, i.e., curves X(t). Thus, 

we can determine the spatial λ and temporal T periods of the corresponding distributions and the 

nucleus motion velocity Vaw =λ/T. 

In this work, the deformable sample was illuminated by a coherent beam of a semiconductor 

laser with a wavelength of 635 nm and a power of 15 W. The images of the deformable sample with 

the superposed speckle structures were recorded using a Pixellink PL-B781 digital video camera 

with a frequency of 10 Hz, then digitized and stored as files.  

The details and possibilities of the approach are described in work (Zuev et al. 2002). The most 

common tensor component for visualization and analysis is that associated with local elongation in 

the direction of the extension axis of the sample, i.e., the xx component. The distributions of shear  
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Fig. 3 Change in the coefficient of variation  of local elongations xx by composite thickness for total 

deformation 0.01. The dotted lines denote the interfaces between the base (1) and cladding (2) layers 

 

 

and rotary components have usually more complex forms, which make them less convenient for 

analysis. The degree of plastic deformation inhomogeneity of different layers was quantitatively 

assessed using the coefficient of variation ν of local strains xx as a ratio of the standard deviation to 

the mean of measurements. 

It is assumed that the distribution along the elongation axis xx(xi) at  > 0.4 becomes strongly 

inhomogeneous and the magnitude <xx> is no longer representative (Mendenhall and Sincich, 

2016). Fig. 3 displays the distribution in plastic deformation inhomogeneity  near interface between 

the base and cladding layers of composite at the initial stages of plastic flow. In the composite after 

rolling, the difference between the deformation inhomogeneities within the micro-volumes of the 

border zones near stainless and carbon steels was almost two times. The presence of a carbide 

interlayer led to an inhomogeneous distribution of local deformations and the crack initiation in the 

carbonized layer of austenitic steel with a total deformation of 0.01.  

 

 

3. Experimental results and discussion 
 
In general, the stress-strain diagram of the composite inherits the features characteristic of the 

deformation of the low-carbon steel base layer, containing a yield plateau and the stages of parabolic 

work hardening and pre-failure. Moreover, the composite exhibits certain deformation peculiarities 

in comparison with the individual α-Fe and -Fe components, which have been studied earlier 

(Barannikova and Iskhakova 2022). A solitary focus of local elongations εxx was observed in the 

base layer of the composite at the yield plateau with a total deformation of εtot = 0.006, while no 

localization foci were detected in the cladding layer. This fact indicated that macroscopically 

localized plastic flow in the form of Lüders bands emerged in the base layer at the initial stage of 

deformation earlier than in the cladding layer. At the deformation of εtot = 0.007, the maximum of 

local elongations εxx, corresponding to the localization front, appeared in the cladding layer once 

the nuclei of the Lüders front inthe base layer reached the junction with the cladding layer. At this 

moment, the Lüders fronts of the cladding and base layers began to move as a whole toward the 

grips of the test machine (Fig. 4). According to the local deformation distribution patterns, a single  
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Fig. 4 Halftone picture of distribution of local elongations xx on the working part of the sample. Arrows 

indicate the direction of movement of the Lüders band fronts at the yield plateau. The dotted lines denote the 

interfaces between the base and cladding layers 

 

  

(a) The yield plateau (b) The parabolic work hardening stage 

Fig. 5 Distributions of local elongations εxx along the tensile axis of the composite: 1 – base layer of low-

carbon steel; 2 – cladding layer of austenitic stainless steel 

 

 

Lüders front arose in the base layer near the junction at the earlier stages of plastic flow, which then 

initiated the nucleation of the front in the cladding layer. At the yield point, the singular front 

propagated in both the base and cladding layers, which is usually untypical at the beginning of plastic 

deformation (Fig. 5 a). 

Тhe distributions obtained in this way reflect the increments of local deformations rather than 

their integral values from the beginning of the loading process. It is worth noting that Lüders fronts 

are characteristic of low-carbon steels at the yield plateau (Srinivasan et al. 2012). In austenitic 

steels, the formation of singular localized deformation fronts (Lüders fronts) within the earlier stages 

of plastic flow at room temperature has not been observed so far.  

However, the Portevin–Le Chatelier (PLC) effect was investigated in a metastable austenitic 

CrMnNi cast steel during tensile tests for the wide range of deformation temperatures and nominal 

strain rates (Mϋller et al. 2016). Analysis of the stress–strain curves was complemented by in situ 

measurements of thermal and acoustic emissions as well as by digital image correlation, enabling 

determination of various local characteristics of plastic flow and clarification of individual 

contributions of different micro-scopic mechanisms involved in plastic deformation. It was shown 

that the PLC effect in the investigated CrMnNi steel was caused by the diffusion of interstitial atoms 

in the bcc phases (deformation-induced α’- martensite) (Mϋller et al. 2016). The most commonly 

accepted explanation for the origin of the PLC effect is based on a dynamic strain-aging model 

associated with the interaction between the motion of mobile dislocations and the diffusion of 

interstitials like carbon toward the dislocation cores (Yilmaz 2011). The motion of dislocations is 

impeded by the segregation of solute interstitials along the dislocation line, thus promoting repeating 

dislocation avalanches due to unpinning from solutes with the increasing strain (Dierke et al. 2011). 
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Fig. 6 Kinetic X-t diagrams of spatio-temporary evolution of localized deformation fronts in the composite: I 

– yield plateau; III – parabolic work hardening stage; IV – pre-failure. Solid lines – base layer; dotted lines – 

cladding layer 

 

 

Accordingly, a change from spatially homogeneous and temporarily steady to inhomogeneous 

and unstable deformation occurs. As a result, strain localization is observed in the form of 

macroscopic bands with thicknesses of a few millimeters—the so-called PLC bands—which emerge 

and propagate along the gauge length, causing significant surface roughening (Mϋller et al. 2016). 

One important characteristic of localized plastic flow is the velocity of the localized deformation 

front, which can be determined from the X-t diagrams in Fig. 6, where the points indicate the 

positions of the maximal local elongations εxx along the X axis of the sample at the loading time t. 

At the yield plateau (Fig. 6, stage I), the Lüders fronts emerging in the base layer moved in opposite 

directions at the speeds of 1.5·10-4 m/s and 1.2·10-4 m/s. In the composite, two fronts propagated in 

opposite directions in the cladding layer with the velocities of 0.7·10-4 m/s and 2.3·10-4 m/s (Fig. 6, 

stage I). The analysis of the propagation velocities of localized deformation fronts in the base and 

cladding layers with the corresponding values for monolithic samples of ASTM A414 grade A 

carbon steel and AISI 304 austenitic steel revealed that the 0.75 mm thick cladding layer did not 

suppress the formation of Lüders bands. On the contrary, the propagation velocities of Lüders fronts 

in the base and cladding layers were increased compared with the individual components of the 

composite. Furthermore, a series of equidistant foci of localized plastic flow with a characteristic 

distance of 41 mm between them were observed at the stage of parabolic work hardening in the 

base and cladding layers (Fig. 5b). With an increase in the total deformation, those foci remained 

steady and represented a stationary dissipative structure (Fig. 6, stage III). At the pre-failure stage 

of the composite, the initially stationary foci of plastic deformation localization in the γ-Fe and α-

Fe layers began to move at different speeds toward the high-amplitude maximum of local 

deformations (the neck nucleation site) (Fig. 6, stage IV). 

The study of the failure stage of the composite under uniaxial tensile revealed that failure was 

initiated with the emergence of a stress concentration in the form of a crack in the cladding layer, 

which then propagated in the base layer (Fig. 7). The crack formed in the cladding layer then grew 

in the base layer and was divided into numerous small cracks while moved, thereby reducing the 

speed of its propagation. As soon as the crack passed through the entire cross-section of the sample,  
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Fig. 7 Localized deformation pattern for pre- failure stage 

 

 

the latter underwent failure. The above-described phenomena exhibit significant differences in the 

character of the development of the localized deformation, which primarily concern the kinetics of 

the development of the localization patterns. In the case of the expansion of a Lüders band in the 

limits of the gage part of the sample, plastic deformation is localized in the regions of fronts moving 

in opposite directions that have complex shapes that change in the process of motion. Upon the 

motion of the fronts, the rule of the constancy of the sum of the moduli of their velocities is fulfilled. 

If two Lüders bands are expanded in the sample simultaneously, the meeting and the interaction of 

the fronts can occur, which is usually reduced to the mutual extinction of plastic deformation and 

the local disappearance of the fronts. 

Upon deformation, the fronts of the Lüders band can travel along the sample only one time. In 

the case of the Portevin–Le Chatelier effect, the zone of plastic deformation develops such that, at 

each time moment, there is only one narrow moving band in which the plastic flow is completely 

localized. These bands repeatedly pass along the gage part of the sample (Manach, 2014). 

At the pre-failure stage, the zones of localized deformation move upon the formation of the neck 

preceding the ductile failure in such a manner that the rectilinear graphs of the time dependence of 

their positions X(t) converge at one point (Fig. 6). The zone of plastic flow eventually narrows, 

degenerating into the surface of a viscous crack. The comparison of the results obtained leads to the 

conclusion that the observed variants of the development of the macroscopic localization of plastic 

flow in the investigated cases can be reduced to a simple kinematic scheme, in which the width of 

the active zone of plastic deformation behaves as follows: 

- it grows following the Luders deformation; 

- it remains constant in the case of the Portevin–Le Chatelier effect; 

- it becomes narrower following the formation of a neck in the sample. 

These kinematic differences are connected with the different nature of the micro-mechanisms of 

the deformation of each of the observed phenomena, i.e., by the specific microstructure of the active 

medium subjected to deformation, which provides the opportunity to generate autowaves of the 

localized plasticity in open systems (Scott, 2003). 

It is noteworthy that though austenitic steel has a high level of strength and plasticity in the 

monolithic state (Table 1), the plastic flow localization and accumulation of microcracks in the three-

layer composite occur faster than in the base layer of low-carbon steel. To explain the mechanisms 

of localized plasticity in the cladding layer and the failure of the composite, the Lüders front in the 

base layer was assumed to wedge the material and initiate the cracking in the cladding layer once 

meeting the interface in the composite (Fig. 8). 

The size of the equilibrium crack in front of the wedge can be determined using the model 

proposed by Barenblatt (1959) as follows: 
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Fig. 8 Schematic of layer wedging in the composite 
 
 

𝑙∗ =
𝐸2ℎ2

4𝐾𝐼
2(1 − 𝜇2)2

 (3) 

where h is the width of the wedge, E is the elastic modulus, μ is the Poisson's ratio, and K1 is the 

fracture toughness characterizing the force of interaction between the walls of the crack near its end 

(a constant value). 
Assuming that E = 2·10-5 MPa; h ≈ 10-4 m is the width of the Lüders front in the base layer; μ = 

0.3; K1 = 2.5·103 MPa·m1/2 is the coupling modulus for α-Fe phase, the length of the crack formed 

in front of the wedge in the cladding layer will be equal to l* ≈ 20 μm. Since the microscopic analysis 

revealed cracks in the cladding layer with a length of l ≈ 30±7 μm, it can be stated with certainty 

that the wedging force of the Lüders bands growing in the base layer has created a microcrack as 

long as several tens of micrometers, the elastic field of which induced the local stress concentration 

in the cladding layer. 

The local stresses σс of crack nucleation can be estimated in accordance with the Griffiths 

equation (Broek 1986) as follows: 

𝜎𝑐 = (
𝐸𝛾

2𝜋𝑙∗
)
1/2

 (4) 

where  is the surface energy density. Then, at the crack length of l* ≈ 30 μm in the cladding layer 

near the junction in AISI 304 steel, a critical local stress is σс = 4460 MPa. In other words, the 

condition for crack initiation in the cladding layer of stainless steel is fulfilled when the stress 

reaches a critical value conforming to the strength criterion of failure. However, there is no failure 

of the bimetal at the end of the yield plateau, mainly because the crack propagation in the composite 

is inhibited by the interface. In this case, the stress σс relaxes with the formation of localized 

plasticity fronts. 

The mechanism of plastic deformation in the cladding layer of the composite was considered by 

Barannikova and Li (2020). Specifically, it was shown that the high local stress at the interface 

between the base and cladding layers of the composite induced the formation of the martensitic α'-

phase (Shin et al. 2001) and thereby triggered the nucleation of the Portevin-Le Chatelier bands 

(Hähner 1994) in the AISI 304 cladding layer. Such bands were fixed at the later stage of intermittent 

flow during tensile of monolithic austenitic steel samples at plastic flow stresses of ~700 MPa 

(Barannikova and Iskhakova 2022). This suggests that when the composite is deformed at the yield 

plateau in the cladding and base layers, there is not a single Lüders band but two different bands of 

localized plastic flow, that is, the Lüders band in α-Fe and the Portevin-Le Chatelier band in -Fe, 

respectively. 
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4. Conclusions 
 

Based on the method of the digital speckle image correlation and tracking of speckle pattern, the 

macroscopic localized plastic strain was investigated in the real time conditions, under the composite 

uniaxial tension, that allowed us to determine the localized strain distribution in different composite 

layers such as low-carbon steel and austenitic stainless steel. 

• The study of the low carbon steel–stainless steel composite revealed that localized plasticity 

fronts formed and evolved in a regular way in the base and cladding layers throughout the plastic 

flow.  

• At the yield plateau, the Lüders band took its origin from the inner cladding–base metal 

interface. When passing through the entire cross-section of the base layer, the elastic field of the 

Lüders band induced the local stress concentration in the cladding layer and triggered the Portevin-

Le Chatelier effect. 

• At the stage of parabolic work hardening, the joint deformation of the base and cladding layers 

was accompanied by a stationary pattern of localized plastic flow foci.  

• The failure of the composite began with the crack nucleation in the cladding layers of the 

composite, which then spread in the base layer. 

Based on the findings of the current study, some recommendations concerning the effective 

development of cold rolling technology of low carbon steel/stainless chromium-nickel steel bimetals 

can be made. One of the main issues to be solved is associated with the maximum possible reduction 

in the course of one or more passes that would cause neither continuity violations nor failure of the 

material. Such reduction is usually established empirically on the basis of laborious and expensive 

production tests. However, if the limits of macroscopically uniform deformation are known, then 

the degree of reduction must suit them. According to the above results, these are the sections of the 

stress-strain curves, corresponding to chaotically localized plastic flow patterns or moving 

deformation foci. In the latter case, even though the plastic flow is localized at each specific moment 

of time, it exhibits a quasi-uniform process during the loading. 

Thus, preference should be given to reduction within the linear work hardening and the parabolic 

work hardening stage with a low parabolicity index. Plastic flow localization at the parabolic work 

hardening stage is a stationary process, but there are still many localization zones without internal 

continuity disturbances (microcracks). Therefore, reduction at the beginning of the parabolic work 

hardening stage is also acceptable. The only exception is the modes with stationary single zones of 

plastic flow localization, which are technologically unacceptable and even dangerous (Zuev et al. 

2020).  

The analysis of the plasticity during pressure-assisted treatment cannot be limited to only the 

assessment of traditional indicators (strength stress and elongation аt break), but should include a 

thorough study of the patterns of macroscopically localized plastic flow (Zuev and Barannikova, 

2019). Plastic deformation of the composite facilitates diffusion processes. When diffusing 

dissimilar steels, taking into account their physical and chemical properties, strength requirements, 

permissible level of plastic deformation of parts and the need for subsequent thermo-mechanical 

treatment, it is necessary to select a technology using an intermediate layer in the form of a diffusion 

barrier applied to the surface of austenitic steel before joint rolling. 

Joining metals through an intermediate layer will avoid macroscopic localization of deformation 

in the contact area. These recommendations can be useful, for example, when optimizing the 

manufacture technology of industrial products made of low carbon steel/stainless chromium-nickel 

steel composite (pipes, pressure vessels, etc.). 
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