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Abstract. The work is devoted to the study of the effect of annealing on mechanical properties and inhomogeneity of plastic deformation of a
bimetallic plate made of stainless / carbon steel with the dimensions of the working part 50x7x2 mm. To develop laser technology for produc-
ing bimetals of various compositions, the contact zone of two dissimilar steels is of greatest interest. Since the performance characteristics
of the entire product as a whole depend on the structure and properties of this zone, interaction of the components of the bimetal in the process
of its manufacture leads to appearance of heterogeneity of various types near the interface and in the volumes adjacent to it. The research
material was obtained by laser cladding of wire AISI 304 stainless steel on a plate of low-carbon steel St3. Bimetallic samples were subjected
to vacuum heating at a temperature of 700 °C at various times from 2 to 8 h. The use of data on the distributions of local strains by the speckle
photography method made it possible to consider the process of plastic flow in the initial section of tension diagram and to establish the effect
of annealing temperature on plastic strain localization during mechanical tests. For a quantitative assessment of deformation inhomogene-
ity in the main and cladding layers, we used spatiotemporal distributions of local elongations and the corresponding values of the variation
coefficient. It was established that the level of deformation inhomogeneity of microvolumes at the interface during tension is higher than that
of the bimetal main layers. With increase in the annealing time, increase in the variation coefficient in the joint zone is noted, which is more
significant on the stainless steel side, and this increases the probability of microcracks initiation. The increased level of deformation inhomoge-
neity of microvolumes of the cladding layer carburized zone is contingent on the increased localization of deformation in nearby microvolumes
due to structural heterogeneity.
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AnHomayus. Pabora TOCBAIEHA HM3Yy4YEHHIO BIMSHUS OTXKHTAa HAa MEXaHMYECKHE CBOWCTBA M HEOJHOPOJHOCThH IIACTUYECKOH aedopmarnuu
OMMeTaJUTMYEeCKOI TUIACTHHBI U3 HeprKaBelolel / yIIepoaucToi craieil ¢ pasmepamu paboueid wactu 50x7x2 mm. s OTpabOTKH JTa3epHOM
TEXHOJOTHHU MOJTyYeH s OMMETaIIOB Pa3IMYHBIX KOMITO3UIMI HANOOMIBIINH HHTEPEC NPEACTABNISACT U3YyUEHHE 30HBI KOHTAKTA JIBYX PA3HOPOIHBIX
craneit. [TocKoIIBKY OT CTPYKTYPBI X CBOMCTB TaHHOM 30HBI 3aBUCAT IKCILTyaTallHOHHBIC XapaKTEPUCTHKH BCETO M3 B IIEJIOM, B3aHMOIEHCTBIE
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COCTaBJISIIOLIMX OMMETaIa B MPOLECCEe €ro M3rOTOBJICHHS NPUBOAUT K BO3HUKHOBEHHIO HEOJHOPOJHOCTH PA3JIMYHBIX BUJOB BOJIM3U I'DAHUILII
paszena u B 00beMax, IPUIICTAIONX K Hell. Marepuai Hccae0BaHMIl TOTydYani METOIOM JIa3epHOH HAIIaBKU MPOBOJIOKU HEpXKaBEIOLIeH cTamn
AISI 304 nHa ruactuHy u3 HU3KOymiepoaucToi cranu Cr3. Bumerauimueckue oOpasibl C HAIJIABKOHM MOABEPrayii BAKyyMHOMY HarpeBy IIpH
temneparype 700 °C B TedeHHe pa3nmuaHOro BpeMenu (0T 2 110 8 ). Vicronp30BaHue TaHHBIX O PACIPEACICHUSX JIOKATBHBIX Je(hopMaliii METOIOM
crieki-ororpaduu MO3BOIMIO PACCMOTPETh MPOLECC IUIACTUYECKOr0 TEUEHUS! Ha HAYaJIbHOM y4yacTKe JUarpaMMbl pacTsH)KEHUS U yCTAaHOBUTH
BIIUSTHAE TEMIIEpaTyphl OTKATAa Ha JOKAIH3AlUIO IUIACTUYECKON Ae(opMalMi B MPOIEcce MEXaHHYECKUX HCIBITaHHI. [{Id KoamdecTBEHHOU
OLICHKH HEOAHOPOAHOCTH JedOopMalii B OCHOBHOM M IUIAKMPYIOIIEM CJIOSX MCIIOIb30BaIM MPOCTPAHCTBEHHO-BPEMEHHBIC pacIpeieIeH s
JOKAJIbHBIX YIHHEHHI U COOTBETCTBYIONINE BEIUYHHBI KOI(Q(OHUIMCHTAa BapHalUH. YCTAaHOBICHO, YTO YPOBEHb HEOJHOPOAHOCTH JedopManun
MHKpOo0ObeMOB Ha HHTep(deiice B polecce pacTsHKEHHs BbILIE, YeM OCHOBHBIX ciioeB Oumeraiia. C yBeJIMUeHHEM BPEMEHH OT)KUIa OTMeUaeTcs
MOBBILICHAE 3HAYCHNH K03 HUIIeHTa Bapuallii B 30HE COCIUHEHHS, OoIee 3HAUUTEIPHOE CO CTOPOHBI HEPyKABEIOMICH CTalll, YTO YBEIHYHBACT
BEPOSITHOCTh 3aPOXKAEHUST MUKPOTpElIUH. [IOBBIICHHBIH ypOBEHb HEOAHOPOAHOCTH AehOPMALMH MUKPOOOBEMOB HAYIIIEPOKEHHOHW 30HBI
IUIAKUPYIOIIETO CI0s 00yCIIOBICH yCHICHHEM JIOKATH3aHU Ae(OopMAIH B OIU3IEKAIINX MHKPOOOBbEMaX U3-3a CTPYKTYPHOIT HEOMHOPOXHOCTH.
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[ INTRODUCTION

To effectively handle materials within power-gene-
rating or oil refining equipment subjected to simultaneous
mechanical loading and high temperatures, it is impera-
tive to develop novel methods for evaluating their perfor-
mance [1]. These methods should comprehensively con-
sider the influence stemming from various structural and
mechanical inhomogeneities [2 —4]. Despite their high
strength, bimetallic materials are particularly susceptible
to delamination at their interfaces. Defects like delamination
may arise during the manufacturing and operational phases
of bimetallic materials, thereby somewhat restricting their
industrial applications [5 — 8]. The unevenness of deforma-
tion in bimetallic composites during rolling is contingent
upon several factors, including the disparity in deformation
resistances between components, initial layer thicknesses,
stacking sequence, parameters within the deformation zone,
and the magnitude of contact friction forces and tangential
stresses at the interface [9 — 12]. This deformation irregu-
larity within bimetallic composites detrimentally affects
the rolling process and the resultant bimetal properties.
It leads to the accumulation of significant residual stresses,
which, in turn, can induce bimetal delamination, bending,
warping, and the fracturing of harder layers [13 — 16].

An exceptionally promising domain for advancing
laser cladding technology using high-performance lasers
lies in leveraging cladding materials presented in solid
and powder metal strips [17; 18]. The primary motiva-
tion driving the shift from conventional coating methods
(thermal spraying and arc surfacing) toward laser-based
techniques is the superior quality of the coatings pro-
duced. This superiority stems from the reduced mixing
coefficient between the clad material and the substrate,
along with heightened adhesion characteristics [19].

Given that the processes occurring in the vicinity
of the interface during laser cladding can significantly
influence material properties [20], the objective of this
study was to examine the influence of temperature-time
factors on the inhomogenity of plastic deformation in
bimetallic plates.

[ MATERIALS AND METHODS

The investigation focused on studying the deforma-
tion inhomogeneity of a bimetal comprising low-carbon
steel St3 and AISI 304 stainless steel, achieved through
laser cladding. The St3 low-carbon steel plate measured
approximately 6 mm in thickness, while the AISI 304
stainless steel formed a clad layer of about 1 mm thick-
ness. The laser cladding process, using filler wire, was
conducted on plates composed of low-carbon steel St3
at the experimental facility of the Institute of Strength
Physics and Materials Science of the Siberian Branch
of the RAS. The application of the laser cladding tech-
nique involved introducing filler wire into the laser
impact zone using a standard arc torch and a semi-auto-
matic welding machine PDGO-601. In this particular
laser cladding setup, AISI 304 stainless steel filler wire
with a diameter of 1.0 mm served as the material for
the clad layer. Employing the fiber laser LS-15, boast-
ing a capacity of 15 kW, facilitated a productivity range
of 130 — 170 g/min, resulting in deposited beads mea-
suring 0.8 — 1.5 mm in width. To ensure the creation
of a uniform monolithic coating, cladding parameters
were meticulously selected based on established techno-
logical modes. These included specific settings for scan-
ning width (approximately 30 mm), laser output power
(4 kW), and speed (65 mm/min). The scanning process
was executed using the “triangular” mode at a frequency
of 25 Hz. Upon metallographic examination of cross-

581


https://fermet.misis.ru/index.php/jour/search/?subject=пластическая деформация
https://fermet.misis.ru/index.php/jour/search/?subject=локализация
https://fermet.misis.ru/index.php/jour/search/?subject=биметаллы
https://fermet.misis.ru/index.php/jour/search/?subject=низкоуглеродистая сталь
https://fermet.misis.ru/index.php/jour/search/?subject=нержавеющая сталь
https://doi.org/10.17073/0368-0797-2023-5-580-586

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2023;66(5):580-586.
Bysikosa C.I1., Katopos K.H., bapanHukosa C.A. BiusiHve TepMuyeckoi 06paboTKH Ha HEOJHOPOAHOCTD AedopMarii GUMeTaslIa ...

sections and XRD (X-ray diffraction) analysis, it was
observed that none of the samples exhibited pores, cracks,
or unmelted powder particles.

When subjected to heating, bimetals composed of dis-
tinct chemical compositions display variations in the rate
and direction of diffusion for carbon and alloying ele-
ments, contingent upon the temperature of heating [3].
Following heat treatment (conducted via vacuum heating
up to 700 °C and holding for durations of 2, 4, 6 and 8 h),
the distribution of chemical elements within the steel
layers of the bimetallic plate was analyzed. This exami-
nation was performed using the LEO EVO 50 scanning
electron microscope (Carl Zeiss, Germany), equipped
with an Oxford Instruments attachment for X-ray dis-
persive micro-analysis. These analyses were conducted
at the NANOTECH Center for Collective Use, part
of the ISPMS SB RAS. Microhardness measurements
were carried out using the PMT-3 microhardness tester,
following the methodology outlined in GOST 9450 — 76.

During mechanical uniaxial tensile tests performed
on flat samples measuring 50%x7x2 mm, the deforma-
tion fields were recorded using the Walter+Bai LFM-125
testing machine. The deformation rate was set at
6.67-107 s7! and tests were conducted at room temper-
ature. These tests simultaneously employed an adapted
speckle photography technique, as detailed in [21 — 23],
to capture the deformation fields. In analyzing the plas-
tic distortion tensor, the local elongation along the direc-
tion of the sample’s tensile axis exx is often considered
the most natural component for visualization and analy-
sis. Shear and rotational components exhibit more intri-
cate distributions, rendering them less convenient for
analysis. The distributions obtained through these tech-
niques reflect local deformation increments rather than

integral values from the commencement of the load-
ing process. Fig. 1, a illustrates a typical distribution
of local deformations ¢_(x, y) within the sample subse-
quent to laser cladding, where the total tensile deforma-
tion measures 0.01. This data presentation elucidates that
post-yield point, plastic deformation becomes localized
within specific zones of the sample, while other material
volumes exhibit minimal deformation at the given incre-
ment. To quantitatively assess the degree of deformation
inhomogenity across various layers of the bimetal (sub-
strate and cladding), the coefficient of variation of local
deformations ¢ was employed. This coefficient is calcu-
lated as the ratio of the standard deviation to the arithme-
tic mean n of measurements:

where <8xx> =
n

When v > 0.4 it is considered that the distribution
of local elongations ¢ within the sample demonstrates
a substantial level of inhomogenity <8xx> rendering
the value not representative [24].

[ RESULTS AND DISCUSSION

The hardness observed within the junction zone
of the bimetal was notably higher compared to the hard-
ness measured in both the substrate and the surfacing
areas outside this zone (Fig. 1, b). Following heat treat-
ment, as the heating duration increased, the average
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Fig. 1. Distribution of local deformations ¢__ in the substrate (/) and surfacing (2) at the initial stage of plastic flow (a)
and the change in microhardness along the width of the sample (b) after laser surfacing (/) and after heat treatment
at2(2),4(3), 6 (4) and 8 h (5) (dotted line (/) marks the junction zone)

Puc. 1. Pacnipenenenue okanbHbIX JepopManuii € B oiokke (/) u Harnaske (2) Ha HaYaIbHON CTaJIMK IIACTHYECKOTO TEYEHUs (a)
1 M3MEHEHUE MUKPOTBEPIOCTH 110 MUpUHEe 00pasiia (b) moce na3epHoit Haru1aBky (/) 1 mociie TepMUYECKoit 00paboTKu
B TeueHue 2 (2), 4 (3), 6 (4) u 8 4 (5) (myHKTHpHOU JIMHNKEH (/) OTMEYEeHA 30HA COCTUHEHS)
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hardness levels observed in the substrate and surfacing
decreased significantly. However, the hardening gradient
between the two types of steels near the junction zone
remained consistent.

Fig. 2 illustrates the influence of heating duration on
the distribution of fundamental elements (iron, chromium,
nickel, manganese) across the thickness of the sample.

)

\

400
0 200

200
d, um

d

Fig. 2. Effect of annealing time on distribution of iron (a),
chromium (), nickel (c) and manganese () over the thickness
of the sample:

1 — low-carbon steel; 2 — stainless steel;

1 — transition layer in the junction zone

Puc. 2. Biiusinue BpeMeHH OT)KUTa Ha paciipeieeHue xenesa (a),
xpoma (b), Hukens (¢) u Mapranua (d) no TojuHe oopasua:
1 — HU3KOYTTIepOUCTas CTallb; 2 — HEeP KaBEIOIIasl CTallb,
I — nepexoaHbIi CI0H B 30HE COSAUHEHUS

The depicted data indicates that the impact of heating
remains insignificant for each of the steel types when
compared to their initial states without heat treatment.

The bimetal consists of low-carbon and stainless steel,
with a distinct transition layer (/) between them. Within
this transitional zone, the concentrations of iron, chro-
mium, nickel, and manganese exhibit a linear variation.
The diffusion depth of chromium and nickel into the base
layer of low-carbon steel extends up to 20 um. During
the heating process, alloying elements diffuse from
the austenitic (stainless) steel into the carbon (pearlitic)
steel, while carbon diffuses in the opposite direction.

In Fig. 3, a, the impact of heating duration on the dis-
tribution of carbon throughout the sample thickness is
depicted.

Within the span from carbon steel to stainless steel,
the distribution of carbon content manifests in distinct
layers: following the transition layer (/), there exist decar-
burized (/]) and supercarburized (/I]) layers. The thickness

—400

900

2 00

300

Fig. 3. Carbon distribution over the thickness of the surfaced sample (a),
depth of decarburization & of the base layer and tensile strength ¢ of the
bimetal depending on annealing duration 7 (b):

1 — low-carbon steel; 2 — stainless steel;

I — transition layer in the junction zone

Puc. 3. Pacnipenesnenue yriepoza 1o TOMIIHHE 00pasua
C HAaIUIaBKOH (@), a Takke IIyOrHa 00e3yIepoKUBaHUs O OCHOBHOTO
CJIOS M TIpeJIelT TPOYHOCTH G OMMeTaIa B 3aBUCUMOCTH
OT JUTUTEIBHOCTHU OTKHTra ¢ (b):
1 — HU3KOYTIIEPOIMCTAs CTajlb; 2 — HepIKaBEIOLIas CTalb;
[ — epexoHBIN CIIOH B 30HE COCTMHEHUS
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of these layers varies in response to the duration of hea-
ting. With prolonged annealing periods, the expanding
decarburized ferrite zone on the carbon steel side exhibits
reduced strength characteristics. Consequently, this con-
tributes to a decrease in the tensile strength of the bimetal
(Fig. 3, b). The process of chromium diffusion from
the austenitic phase and carbon diffusion in the opposite
direction results in the formation of a thin carbide layer
on the carbon steel side.

The structural and chemical inhomogeneities near
the substrate and cladded layer interface play an important
role in shaping the nature of plastic deformation around
the transition zone. Ensuring compatibility of deforma-
tions at the bimetal interface necessitates an equivalent
deformation of metal microvolumes adjoining the inter-
face. Consequently, the levels of deformation inhomoge-
neity within these microvolumes at the interface layers,
as assessed by the coefficient of variation of local defor-
mations v, are expected to be uniform. By meeting these
conditions, the stress conditions within these regions
become more intricate.

Fig. 4 illustrates the impact of heat treatment on
the changes in the coefficient of variation (v), which
serves as an indicator of the degree of deformation inho-
mogeneity near the transition zone of the bimetal during
the initial stages of deformation. In the bimetal state sub-
sequent to laser cladding, notable differences in the levels
of deformation inhomogenity are observed among
the microvolumes in the boundary zones of the stainless
and carbon steel sides, nearly twofold (Fig. 4, curve 7).
The reduced level of deformation heterogeneity is charac-
teristic of the microvolumes in the decarburized zone,

1.6

1.4
1.2
1.0
> 0.8
0.6
0.4
0.2

0
-0.8

0.4 0.8 1.2
d, mm

Fig. 4. Change in the level of inhomogeneity of deformation v
by thickness of the sample layers at the initial stage of plastic flow
in the state after laser surfacing (/) and after annealing
at2(2),4(3),6 (4)and 8 h (9)

Puc. 4. 3Menenne ypoBHS HEOJHOPOJHOCTH JAe(hOpMaLiu v
I10 TOJILIMHE CJI0eB 00pa3ia Ha Ha4aabHOW CTaANH MIIACTHYECKOTO
TEYCHHsI B COCTOSIHUU MOCIIC JIa3epHOM HAIIaBKy (/) ¥ IOCIE OTHKHUra
B TeueHue 2 (2),4 (3),6 (4)u 84 (5)
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directly adjacent to the interface, as well as in the state
post-cladding (Fig. 4, curve ). The existence of a car-
bide interlayer leads to the emergence of microcracks and
a more non-uniform distribution of local deformations
within the carburized layer of austenitic steel, with a total
deformation of € =0.01. Research outlined in [23] dem-
onstrates that at the bimetal’s yield point, the Liiders band
originating in the main St3 steel layer can act as a “wedge”
in accordance with the Barenblatt wedging model [25],
potentially initiating cracks in the cladding layer. Due
to heightened local stresses at the interface, the Liiders
band contributes to the formation of martensitic o’-phase
and the emergence of isolated zones of localized defor-
mation in the clad layer during the initial phase of plastic
flow.

After heat treatment, with increasing annealing dura-
tion (Fig.4, curves 2-1J5), the coefficients of varia-
tion of deformation inhomogeneity in the substrate and
the cladded metal notably escalate. Even after prolonged
annealing, the two steels near the junction zone still exhibit
distinct levels of deformation inhomogeneity. Statistical
analysis utilizing the double #-criterion method [24] indi-
cates a “significant” difference in the coefficients of varia-
tion of deformation heterogeneity between the substrate
and the deposited metal.

This study underscores the influence of structural
inhomogeneity near the layer interface on the distribu-
tion of local deformations when subjecting the bimetal
obtained by laser cladding to uniaxial tension. The nature
of deformation inhomogeneity in the transition zone
and the primary layers varies, potentially impacting
the properties of bimetal products. To maintain or prevent
a decrease in the mechanical properties of bimetals com-
posed of carbon steel and stainless steel, manufacturing
should adhere to technological modes that ensure mini-
mal levels of deformation inhomogeneity within micro-
volumes at the transition zone.

- CONCLUSIONS

The bimetal obtained through laser cladding exhi-
bits a considerable increase in hardness within the junc-
tion zone. Subsequent heating up to 700 °C, with hold-
ing durations ranging from 2 to 8 h, does not diminish
the hardening gradient. This lack of reduction is attributed
to the formation of a carbide interlayer due to the diffu-
sion of components.

The heat treatment process results in the growth
of'a decarburized layer on the carbon steel side and a sub-
sequent reduction in the tensile strength of the bimetal.

Elevated values of the coefficient of variation of local
deformations within the carburized layer of the cladded
metal are linked to heightened concentration of deforma-
tions, stemming from the presence of chromium carbides
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and microcracks. Prolonged annealing durations fur-
ther escalate the coefficients of variation of deformation
inhomogeneity within both the substrate and the cladded
metal.
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