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Abstract. Creation of compounds of dissimilar metals is one of the priority areas in the field of obtaining special structural materials with a unique
combination of properties. In connection with development of new production processes, the question arises about the influence of structural-
phase heterogeneity of multilayer materials on deformation behavior. In particular, an important scientific problem is the localization of plastic
flow. The digital image correlation (DIC) method was used to analyze the nature of localized plastic deformation in the bimetallic composite
austenitic stainless steel/low-carbon steel manufactured by additive beam technology. It was found that in all layers of the bimetal, plastic defor-
mation develops locally in each layer of the studied composite according to the loading stages. It is shown that during deformation of a bimetallic
compound, the appearance of the yield plateau stage (n = 0) and, accordingly, the Liiders deformation is suppressed, despite the significant content
of a low-carbon steel layer in the bimetal. In the parabolic section with the hardening index n = 0.5, the components of local elongations ¢ _ form
a stationary periodic distribution of localized deformation zones. With the onset of the stage with n < 0.5, a high-amplitude deformation zone is
observed in the transition layer, which coincides with the place of future sample fracture. In this case, the growth of the amplitude of localized
deformation in this zone begins at the parabolic stage of the loading diagram. Structural heterogeneity at the interface in the bimetallic composite
austenitic stainless steel/low-carbon steel is the source of the initiation of a fracture crack in the austenitic steel layer. Apparently, the initiation of
the destruction zone in the transition layer is associated with the formation of a brittle carburized layer, which occurs due to the diffusion of carbon
through the interface low-carbon steel — stainless steel.
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AnHomayus. Co3jaHue COCIUHEHUH PasHOPOIHBIX META/UIOB SIBJISICTCS OJHUM M3 IMPHUOPUTETHBIX HANpaBlIeHUH B OOJIACTH MOIYyYEHUS
CHELMAIbHBIX KOHCTPYKIMOHHBIX MAaTE€pPHUaJIOB C YHHUKAJIbHBIM COYETaHHEM CBOWCTB. B CBsI3M C pa3BUTHEM HOBBIX IPOM3BOJCTBEHHBIX
MIPOLIECCOB BCTAET BOMPOC O BIMSHHUU CTPYKTYPHO-()a30BOil HEOJHOPOJAHOCTH MHOTOCIONHBIX MAaTepHaIoB Ha Ae(OpPMalMOHHOE HOBECHHUE.
B yacTHOCTH, BajkHOH Hay4yHOW NpoOIEeMON SIBISETCS JOKAJIU3aLUs IIACTUYECKOro TeueHus. B HacTosmieit pabore ais aHamM3a xapakrepa
JIOKQJIN30BAaHHOW TIaCTHYECKOH Iedopmanuy B OMMETaUIMUECKOM COCTMHEHHMH ayCTEHMTHAs HEpKaBeIoIlas CTalb — HH3KOYIJIepPOIUCTast
CTallb, U3rOTOBJIEHHOM aJUIMTUBHOM J1yueBOil TEXHOIOTHEH, HCTIOIb30BaIC MeTo Li(poBoit koppensuuu uzodpaxenuit (DIC). Bo Bcex crosix
OuMeTasia racTuueckas nedopmanys pa3BUBAeTCs JOKAIN30BAaHHO B COOTBETCTBHHU CO CTaJMHHOCTBIO KpHBOH Harpyxenus. [Ipu nedop-
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MHPOBaHUH OMMETaINYECKOTO COCMHEHUS TIO/IaBIISIeTCs MOSBICHUE CTAaUH IJIOMIAAKU TeKy4yecTH (n = 0) U, COOTBETCTBEHHO, Aedopmannn
Jlronepca, HECMOTPS Ha 3HAYUTEIBHOE COACPIKAHUE B OMMETaIlIe CII0si HU3KOYIIIepOAMUCTOM cTani. Ha mapabonnyeckoM ydacTke ¢ mokasaresieM
yHpouHeHus 1 = 0,5 KOMIIOHEHTBI JIOKAJIbHBIX yIJIMHEHUH €  (POPMUPYIOT CTALIHOHAPHOE MEPUOMYECKOE PACHPEIEIEHHE 30H JIOKATN30BaHHOM
nedopmanuu. C HactyrieHneM craauu ¢ n < 0,5 HaOM0IaeTCsl BBICOKOAMIUIUTY/IHAS 30Ha Je(OopMaluy B TIEPEXOAHOM CIIO€, KOTOpas COBIa-
JaeT ¢ MECTOM Oyayluero paspyiuieHusi oopasua. [Ipu 3ToM pocT aMIUTUTY/bI JIOKAIW30BaHHOW Jie(hOpMaLMi B ATOI 30HE HAYMHACTCS elle
Ha 1MapaboIMYecKoil cTaaiuyu auarpaMMbl HarpyxeHus. CTpyKTypHast HSOAHOPOAHOCTh y TPAHMUIIBI pa3feia B OMMETaNINIECKOM COCTMHEHUT
AyCTEHUTHAsl HEp)KaBelollasi CTalb — HU3KOYIJICPOAMCTAs CTallb SIBIISICTCSI HCTOYHUKOM 3apOXKACHUS pa3pyllaloliell TPEIIMHBI B CIIOE aycTe-
HUTHOH ctanu. [1o-BuanMOMY, 3apOXK/ICHUE 30HBI pa3pyIICHHs B MEPEXOJHOM CJIO€ CBSI3aHO ¢ (POPMUPOBAHHEM XPYIKOTO HAyIJIEPOKEHHOTO
CJI0s, POUCXOISAIINM H3-3a A dy3un yriepoaa yepes rpaHuily pas3zieiia HU3KOyIIIepOANCTast CTallb — HEpXKaBerollast CTab.

Kniouesvle caoea: Guverau, aycTeHUTHAs HEPKABEIOLIAS CTallb, YIIEPOAUCTAs CTalb, MUKPOCTPYKTYpa, (ha30BbIil cOCTaB, JOKaIbHAs AepopMarus,

DIC

BaazodapHocmu: PaGora BbimonHeHa npu (uHaHCcOBOW mnoxmepxkke rpanta PHO, tema Ne 24-29-00580 https://rscf.ru/project/24-29-00580/.
ABTOpBI BBIPXKAIOT OIArofapHOCTh COTPYAHUKAM J1ab0paTOPHH KOHTPOIS KadecTBa MAaTEPHAIOB M KOHCTPYKiui MHCTUTYTa (U3HKH IPOYHOCTH
n MarepuanoseneHus Cudupckoro oraenenus PAH 3a moMOIIb B H3rOTOBICHHY OMMETAJUIMYCCKOIO COCNHCHHS.

Jas yumupoeanus: Opnosa [I.B., lllnsaxosa I'B., Hanexxun M.B. Ocobennocty jokanusanuu gedopManuy B aJUIMTHBHOM MaTepHaie co CTPyK-
TypHO-(ha30BOH HEOJHOPOAHOCTRIO. M36ecmus 6y306. Yepnas memannypeusi. 2025;68(3):266-273.

https://doi.org/10.17073/0368-0797-2025-3-266-273

- INTRODUCTION

At present, increasing attention is being paid
to the development of two-layer metallic composites
consisting of a carbon steel base coated with a protec-
tive layer of stainless steel. These materials combine
the good weldability, formability, and thermal con-
ductivity of carbon steel with the high corrosion and
wear resistance of stainless steel [1 —4]. A particularly
promising approach in this regard is additive electron
beam cladding, which involves the layer-by-layer depo-
sition of material by melting solid or powder metal
wires [2; 5—7]. Control over processing parameters
and the composition of alloying elements makes it pos-
sible to produce metal layers with the desired physical,
mechanical, and geometrical characteristics. Most cur-
rent research on such composites focuses on issues such
as residual stresses, microstructural anisotropy, and pore
formation [5]. However, multilayer composites produced
in this way are subsequently subjected to processes such
as cutting, forging, rolling, bending, and joining. This
raises important questions about the influence of struc-
tural-phase heterogeneity on the deformation behavior
of these materials.

At the same time, previous studies have shown that
even single crystals and structurally homogeneous
materials tend to develop zones under loading where
localized deformation significantly exceeds the average
strain [8; 9]. Macroscopic localization of plastic defor-
mation exhibits autowave behavior and, depending on
the stage of plastic flow, may manifest as a switching
autowave (as in the case of Chernov—Liiders bands), a sta-
tionary dissipative structure during the parabolic strain
hardening stage, or an autowave collapse in the stage
preceding fracture. Consequently, a clear understanding
of the kinetics of localized plastic deformation is critical
for advancing technologies related to the manufacturing
and application of bimetallic composites.

The digital image correlation (DIC) method, in com-
bination with mechanical testing, has proven effective
for analyzing the stress — strain state of both cast [10; 11]
and additively manufactured materials [12 — 14]. Howe-
ver, the most existing studies on deformation in addi-
tively produced materials are conducted on samples
of various orientations cut from billets, without consi-
dering the influence of the substrate interface.

Given that combining dissimilar metals into a single
bimetallic structure inevitably introduces macroscopic
heterogeneity in both structure and mechanical proper-
ties, it is essential to investigate how localized plastic
flow evolves under mechanical loading in such systems.

The aim of the present study is to investigate the cha-
racteristics of macrolocalization of plastic deformation
during tensile loading of an austenitic stainless steel —
low-carbon steel composite fabricated by additive elect-
ron beam cladding.

[ MATERIALS AND METHODS

The bimetallic composite was produced by electron
beam cladding in a vacuum chamber through multiple
passes of AISI 308L austenitic stainless steel wire
(wt. %: <0.4 C; 9—12 Ni; 18 — 21 Cr) onto a low-car-
bon steel substrate (wt. %: 0.14 — 0.22 C; 0.12 — 0.30 Si;
0.40 — 0.65 Mn) with a thickness of 4 mm. The welding
wire had a diameter of 1.2 mm. The cladding process was
carried out at an accelerating voltage of 30 kV and a beam
current of 70 mA, with a wire feed rate of 3-10~> m/s. Test
samples were prepared by electrical discharge machining
(EDM) in the form of double-sided flat dog-bone sam-
ples. Each sample had a gauge length of 40 mm, width
of 10 mm, and thickness of 2 mm, with the interface
between the two metals positioned along the centerline.
Uniaxial tensile testing was conducted at room tempera-
ture using a Walter + Bai AG LFM 125 universal testing
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machine. The crosshead speed was set at 0.2 mm/min,
corresponding to a strain rate of 8.33-107 s7!.

To detect zones of localized deformation, a sequence
of digital images of the deforming sample was recorded.
A speckle pattern was generated by illuminating
the sample with coherent light from a semiconductor
laser (wavelength 635 nm, power 15 mW). The images
were captured using a Point Grey FL3-GE-50S5MC digi-
tal camera with a resolution of 2448x2048 px at a frame
rate of 5 frames per second. The camera was positioned
0.3 m from the sample, providing a spatial resolution
of 20.4 pm/px. Post-processing of the image sequences
was performed using the digital image correlation (DIC)
method [10; 11], which enables precise measurement
of displacement fields, strain components, and strain rate
distributions.

Microstructural characterization was carried out
using optical microscopy with standard metallographic
preparation techniques, as well as atomic force micros-
copy (AFM) in Phase mode, using a Solver PRO-47H
system (NT-MDT, Zelenogorsk, Russia). Fractographic
analysis of the fracture surfaces was performed using

Stainless steel

a LEO EVO 50 scanning electron microscope (Zeiss,
Germany).

[l RESULTS AND DISCUSSION

[ Microstructure and mechanical properties

The typical microstructure of the clad layers formed
by vacuum electron beam additive melting of austenitic
steel is biphasic (FCC + BCC), consisting of y-austenite
dendrites interspersed with thin J-ferrite interlayers
(Fig. 1, a, b). A finely dispersed acicular structure approxi-
mately 1.3 mm thick forms near the fusion boundary
(Fig. 1, a), corresponding to regions of elevated micro-
hardness (Fig. 1, ¢). The remaining clad region also exhi-
bits a dendritic structure (Fig. 1, b), but is characterized by
lower microhardness values (Fig. 1, ¢), which is likely due
to dendrite coarsening and a reduction in 6-ferrite content,
as confirmed by AFM images (Fig. 1, d, ¢). The micro-
structure of the substrate material consists of ferrite
grains with an average size of 60 + 15 um and pearlite.
On the carbon steel side of the fusion boundary, a decarbu-
rized zone approximately 250 um thick is observed.
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Fig. 1. Microstructure of bimetallic composite (a, b), distribution of microhardness across the sample width (c),
arrows show AFM images of the structure in the “Phase” mode (d, e)

Puc. 1. MukpocTpyKTypa OMMETaJUIn4ecKoro coeiuHens (a, b), pacnpeeneHne MUKPOTBEPAOCTH 110 MIMpHHE paboueit yacTu obpasiua (c¢),
cTpesnkamu rnokazansl ACM n300paxeHus CTpyKTypbl B pexume «Dasay (d, e)
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Fig. 2 and the accompanying Table present the engi-
neering loading diagrams (c—¢) for the bimetallic samp-
les and the corresponding cast metals, along with their
principal mechanical properties. According to tensile
testing, the engineering loading diagrams of the addi-
tively manufactured bimetal correspond to a general type
typically described by a parabolic function of the form
o = o, + Ko" (where K is the strain hardening coefficient;
n < 1.0 is the hardening index). Based on the value of n,
four characteristic stages can be distinguished: the yield
plateau (n = 0), linear strain hardening (n = 1.0), para-
bolic strain hardening (n=0.5), and pre-fracture
(n £0.5). In the case of the bimetallic samples studied,
only two stages are observed: the parabolic strain harde-
ning stage (n = 0.5) and the pre-fracture stage (n <0.5).
The strain intervals corresponding to each stage (Ag)
are provided in the table. Despite the elevated hardness
observed in the interfacial region — which is atypical for
both the stainless steel and the carbon steel substrate —
the bimetallic sample exhibits high ductility.

800

700
600
500
400

Stress, MPa

300
200

100

0 01 02 03 04 05 06 0.7 08
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Fig. 2. Engineering stress — engineering strain curves for bimetal
composite (/) and cast metals:
2 — austenitic stainless steel;
3 — low carbon steel

Puc. 2. Kpusble Harpy»kKeHUs B KOOPIUHATAX YCIOBHOE HANPSHKEHUE —
ycnoBHast aedopmarus 6umerania (/) U IUTBIX METAJIOB:
2 — ayCTEHHUTHAs HEP)KABEIOLIAs CTAJIb;
3 — HU3KOYIVIEPOAUCTAs! CTallb

Distribution of localized deformation

According to the autowave theory of plasticity,
the strain hardening stage corresponds to a specific
autowave mode of localized plasticity [8;9; 15]. For
instance, during the yield plateau — characteristic of low-
carbon steels and certain other alloys — a propagating
front of localized deformation is observed along the ten-
sile axis of the sample. This front represents a switching
autowave that transitions the material from a metastable
(elastic) to a stable (plastic) state [16 — 19]. In homo-
geneous metallic materials, the parabolic strain harden-
ing stage corresponds to a spatially periodic distribution
of localization sites, forming a stationary dissipative
structure. The stage preceding fracture is associated with
autowave collapse [9].

It was demonstrated in [20] that during tensile testing
of a three-layer composite consisting of a carbon steel
core and two stainless steel cladding layers, the loading
diagram retains a yield plateau. Analysis of the strain
localization patterns revealed that the Liiders band
in the carbon steel core was bounded by two fronts prop-
agating in opposite directions along the bimetal’s ten-
sile axis at different velocities. Thus, although the pres-
ence of thin stainless steel cladding layers shortened
the duration of the yield plateau, it did not fully suppress
the manifestation of Liiders deformation in the bimetal.

In the present study, the engineering loading diagrams
of the additively manufactured bimetal do not exhibit
a yield plateau, despite the substantial content of low-
carbon steel in the material (see Table). Consequently, no
switching autowave in the form of a propagating Cher-
nov—Liiders band is observed.

Fig. 3, a, ¢ shows the cumulative distribution of local
elongation ¢ (x) within the parabolic strain hardening
stage (n = 0.5) across the three layers of the investigated
bimetal. During this stage, each of the identified layers
exhibits a stationary, periodic distribution of localized
deformation zones (stationary dissipative structures)
with a spatial period A, similar to those found in homo-
geneous samples [9]. In the subsequent pre-fracture

Mechanical characteristics of materials
and total strain intervals Ag for plastic flow stages

Mexannyeckne XapakTepUCTHKH MaTepHaJioB
M NPOJOJIKMTENbHOCTD AE CTaAUil IVIACTUYECKOr0 TeYEeHUs!

Yield Ultimate Ag for plastic flow stages
Metal strength, strength, Elongation
MPa MPa n=0 n= 1.0 n=0.5 n§0.5
Cast Carbon steel | 209+4.5 | 339+4.5 0.30+0.05 |0.008-0.022 - 0.028 - 0.057 | 0.07 - 0.28
materials | Stainless steel | 262+3.0 | 780+5.0 0.70 £0.10 - 0.05-0.32 - 0.32-0.69
Bimetal 330+£5.0 | 693+5.0 0.25+0.05 - - 0.022-0.170 | 0.17 - 0.22
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stage (n <0.5), a significant increase in the amplitude
of € occurs in one of the localized deformation zones
(Fig. 3, a, b), which, within the autowave framework,
corresponds to autowave collapse.

To analyze the rate of localized strain accumulation,
seven regions measuring 1.5 mm? each were selected
along the fusion boundary at 5 mm intervals, ranging
from x, =1 mm to x, =36 mm along the gauge length.
The accumulation rates of localized deformation ¢
in these regions are presented in Fig. 3, d. The slope
of each curve reveals that strain accumulates at diffe-
rent rates across regions / through 7. Initially, deforma-
tion proceeds most intensively in region /. However,
at "= 1860 s (¢ = 15.5 %) a sudden increase in the strain

accumulation rate is recorded in region 7, rising from
0.68-10~* to 8.37-10* s!. This region (x, = 36 mm) cor-
responds to the actual fracture initiation site. A drop
on the loading diagram, indicating the onset of instabi-
lity, and the appearance of a visible neck were observed
at 1 =2640s (e =22 %).

As shown in Fig. 3, d, at this point strain accumulation
ceases in all other regions, while continuing only in region
7, where the distractive crack initiates. Thus, the strain
distribution patterns allow the crack initiation site to be
identified as early as 30 % before structural instability and
8 % before the onset of the pre-fracture stage.

Fracture in the bimetallic composite samples occurs
through crack propagation from the interface into

Time, S 0.24 b
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700 . : . T 0.20 I- '
E o~ ]\ a : mmyx, = 36 mm
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Fig. 3. Total distribution of local elongations & _(x) in the layers of bimetallic compound (@ - ¢)
and rate of deformation accumulation on bimetal fusion line at points 7 — 7 (d:
1 — carbon steel; 2 — fusion boundary; 3 — deposited metal at parabolic (a, ¢) and pre—fracture stages (a, b)
(for clarity, & _(x) in layers 2 and 3 is shifted relative to layer / along the y axis by 0.05 and 0.10, respectively)

Puc. 3. CymmapHoe pacnpe/ie/ieHue JIOKaIbHbIX Y/UIMHEHUH € (X) B CJ105X OMMETAIIIMYECKOIO COEMHEHNs (@ — ¢)
U CKOPOCTb HaKOIUICHHUS Jieh)OopMalliy Ha JIMHUM CIUIaBIeHUs Oumerasuia B Toukax [ — 7 (d):
1 — yrepopaucrast cTalib; 2 — rpaHMIia CIUIaBJICHUs; 3 — HAIUIABJICHHBIH MeTalI Ha rapaboandeckol (a, ¢) u cTaauu npeapaspyuieHus (a, b)
(715t HATTISITHOCTH €, B CIIOSIX 2 n 3 cMemieHa oTHOCHTENBHO cinost / 1o ocu y Ha 0,05 1 0,10 cooTBETCTBEHHO)
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Fig. 4. Fractography of bimetallic compound sample after stretching

Puc. 4. ®paxrorpadust oopasua OMMETaITHIeCKOro COSANHEHHUS MOCIIE PACTSHKEHUS

the clad layer. The origin of the fracture zone in the tran-
sition region is presumably associated with the forma-
tion of a brittle carburized layer, caused by carbon dif-
fusion from the substrate metal into the deposited metal
(Fig. 1). Fig. 4 presents the fracture surface morphology
after stretching (tensile testing). Numerous dimples and
micropores are visible on the fracture surface of the aus-
tenitic stainless steel layer, indicating a typical dimple
rupture mechanism characteristic of ductile failure. Most
of the dimples range in size from 5 to 15 pm. In the car-
bon steel layer, smooth and shiny areas are present, sug-
gesting a mixed ductile—brittle fracture mode. No delami-
nation was observed along the fusion boundary between
the dissimilar metals.

- CONCLUSIONS

The study demonstrated that localized plastic defor-
mation occurs throughout the loading process in each
layer of the bimetallic composite consisting of austenitic
stainless steel and low-carbon steel, fabricated by elect-
ron beam additive cladding. The engineering loading
diagram of the bimetal shows only two distinct stages —
parabolic hardening and pre-fracture — while the yield
plateau is suppressed.

Initially, during the parabolic hardening stage (harde-
ning index n = 0.5), a stationary distribution of locali-
zed plasticity zones is formed. As the material enters
the stage with n» <0.5, a high-amplitude deformation
zone emerges within the transition layer, coinciding
with the future fracture location. Notably, the ampli-
tude growth of localized deformation begins even during
the parabolic hardening stage. The structural heteroge-
neity introduced by the interface between low-carbon
and austenitic steels in the bimetallic composite serves
as the origin of crack initiation, which propagates into
the austenitic steel layer.
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