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Abstract. The subject of the study is a metal composite obtained by electric arc surfacing in argon of corrosion-resistant steel on low-carbon steel.
Powdered chromium-nickel steel was deposited with an increased content of silicon and molybdenum relative to the traditional composition. In this
work, we studied the elemental and structural-phase compositions, as well as the mechanical properties of both components of the material and
the composite as a whole in the initial state and after annealing at 680 °C for 3 h. The main part of the corrosion-resistant component is a two-phase
austenitic-ferritic mixture with a ratio of 65 % HCC phase and 30 % BCC phase. The material has high microhardness (more than 4000 MPa).
The highest microhardness (4550 MPa) is observed in a narrow strip of deposited metal with a width of 25 pm, where the phase composition is repre-
sented by martensite (BCC), and austenite is absent. The transition across the boundary into carbon steel is accompanied by a decrease in microhard-
ness to 1225 MPa. Here, a decarbonized zone with a width of 180 um was formed near the fusion line. The resulting non-equilibrium stress-strain state
of the composite led to low strength, low plasticity and brittle fracture of the deposited layer during tensile testing. After annealing, microstructure
of the corrosion-resistant component became more uniform in size of both austenitic and ferritic structural elements. As a result of these transforma-
tions, internal stresses decreased and microhardness decreased to 3100 MPa. At the same time, the width of the decarbonized zone in the base metal
increased. All these changes led to the fact that, although the tensile stress of the annealed material increased by 8 %, and the deformation to rupture —
by 27 %, however, nature of the fracture remained brittle and rupture still occurs along the deposited layer. This is determined by the austenitic-ferritic
phase composition of the stainless component, which, in turn, is determined by chemical composition of the deposited material.
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AnHomayus. IlpeaMer u3ydeHus: — METAJUINYECKUI KOMITO3UT, TOIy4EHHBIH 3JIEKTPOIYTrOBON HAIUIABKOW B aproHe KOPPO3HMOHHOCTOHKOHN CTain

Ha HU3KOYIVIEPOAUCTYIO cTaiab. Hammapianack mopomkoBas XpOMOHHKENIEBas CTallb C IOBBIICHHBIM OTHOCHTEIBPHO TPAJUIMOHHOTO COCTaBa
cojiepKaHHeM KpeMHMs U MonubeHa. B HacTosmeil paGoTe uccie10BaHbl SIEMEHTHBIH U CTPYKTYpHO-(a30BBIil COCTaBhI, a TAKKEe MEXaHH-
yeckue CBOicTBa 000MX KOMIIOHEHTOB MaTepualla 1 KOMIIO3UTa B LIEJIOM B HCXOAHOM COCTOSIHMM U Tociie omxura npu 680 °C B Teuenue 3 u.
OcHOBHast 9acTh KOPPO3HOHHOCTOIKOrO KOMIIOHCHTA SIBIIsICTCA IBYX()a3HOM ayCTCHUTHO-()EpPUTHOH cMechio ¢ cooTHomeHueM 65 % I'LIK-
¢azer n 30 % OLK-¢a3sl. MaTepuan obmagaeT BEICOKOH MHKPOTBepHOCThIO (6onee 4000 MIla). Haubomnsmas MukporBepaocts (4550 MIla)
Ha0JIr0IaeTCsl B Y3KOM CJIO€ HAIJIABICHHOTO METaa MUpUHON 25 MKM, rae (a3oBeiii coctaB npeactasied mapreHcuroM (OLIK), a ayctenut
orcytcTByeT. [lepexo/ uepes rpaHuIly B YIIEPOAKUCTYIO CTallb COIIPOBOXKIACTCS YMEHBIIEHHEM MUKpOoTBepaocTh 10 1225 MIla. 3neck BONM3H
JIMHUM CIUIaBJICHUs oOpa3oBaiack o0e3yrieposkenHas 30Ha mupuHoit 180 mxm. Chopmuposasieecs: HEpaBHOBECHOE HAIPsKEHHO-1e(hOpMu-
POBaHHOE COCTOSIHHE KOMIIO3MTa MPUBEIO0 K HU3KOH IPOUHOCTH, MAJION IJIACTUYHOCTU U XPYIKOMY Pa3pyILEHUIO HAIJIABIEHHOTO CIOSI IpU
HCIIBITAHUH Ha pacTspkeHue. [loce oTxkura MEKpOCTpyKTypa KOPPO3HOHHOCTOHKOr0 KOMIIOHEHTA CTajIa 0oee OTHOPOIHOII IO pa3MepaM Kak
ayCTECHUTHBIX, TaK X EPPUTHBIX CTPYKTYPHBIX 2IEMEHTOB. B pe3ynbrare 3THX peoOpa3oBaHUN CHU3UINCH BHYTPEHHHE HAPSKCHHSA U yMEHb-
muiIack MUKpoTBepaoctTs 10 3100 MITa. B To e Bpems yBeslnuuiach IUPHHA 00€3yIIepoXKEeHHOH 30HbI B OCHOBHOM MeTauie. Bee ot n3me-
HEHHUs TIPUBEJIN K TOMY, UTO, XOTsl HAIIPsKEHUE pa3pyLIeHHs [IPU PACTSHKEHUH OTOXOKEHHOTO MaTepHaia yBenuumioch Ha 8 %, a njedopmarus
110 pa3pbiBa — Ha 27 %, OHAKO XapaKTep pa3pylIeHUs OCTAICA XPYIKUM H Pa3pbIB MO-IIPEKHEMY ITPOUCXOAUT MO HAIUIABIEHHOMY CJIO0. DTO
ompeenseTcs ayCTeHUTHO-(QeppUTHBIM ()a30BBIM COCTABOM HEP)KaBEIONIEr0 KOMIIOHEHTA, KOTODBIH, B CBOIO OYepelb, 3aJacTCd XUMHUIECKHM

COCTaBOM HaIIaBJIAEMOI'0 MaTcepurasa.

Kawuesswlie caosa: DJICKTPOAYroBasi HallJlaBKa, KOMIIO3UT KOppOSHOHHOCTOﬁKa}I CTallb — yIIepoaucTas CTajlb, MUKPOCTPYKTYpa, MUKPOTBEPAOCTD,

(ha3oBbIi COCTAB, MEXAaHUYECKHE CBOMCTBA, OTXKUT

BaazodapHocmu: PaboTa BBITIONIHEHA B pAMKaX rocyapCcTBEHHOro 3a1aHus MHCTHTyTa (PU3UKH IPOYHOCTH U MaTepralioBeieHuss CHOMPCKOTo oTelne-
uust PAH ¢ ucnions3oBannem obopynosanus LIKIT «Harotex», Tema Ne FWRW-2021-0011.
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[ INTRODUCTION

The strict and often contradictory requirements for
materials in specialized mechanical engineering, chemi-
cal, nuclear, electrical, and electronics industries fre-
quently make it impossible to rely on existing homo-
geneous metals and alloys. This challenge has driven
the development and widespread adoption of layered
metal composites. These composites, widely used in
mechanical engineering, are valued for their high struc-
tural strength, corrosion resistance, heat resistance, and
weldability — all achieved at relatively low cost. In large-
scale industrial production, layered metal composites are
typically manufactured as sheets, tubes, strips, and rods
through casting followed by joint hot rolling of the com-
ponents [1 —4]. For applications with limited production
volumes, various protective coatings — such as gas-ther-

mal, ion-plasma diffusion, or electroplated coatings — are
often more practical [5 — 8].

Among the most commonly used layered metal com-
posites are those featuring a base layer of low-carbon or
low-alloy steel, with cladding layers made of corrosion-
resistant steel, copper, nickel, titanium, or other metals
and alloys. This combination is designed to ensure that
the base layer provides the required strength characteris-
tics, while the cladding layer protects against aggressive
environmental conditions. A cost-effective and acces-
sible method for producing such composites is electric
arc surfacing using a consumable austenitic electrode
applied to low-alloy carbon steel [9]. This method makes
it possible to create cladding layers with the desired
physical and mechanical properties and precise geometric
parameters. The use of powdered electrodes has proven
particularly effective [10; 11]. Moreover, the process is
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compatible with standard welding machines, leveraging
well-established operating modes [12].

Despite its advantages, the production of such metal
composites is not without challenges. Issues such as resi-
dual stresses, anisotropy, and the formation of porosity
remain significant concerns. It is well known that during
surfacing or welding, the cladding layer can acquire either
a cast structure (in single-layer surfacing) or a structure
modified by additional thermal treatment in specific zones
(in multi-pass surfacing). When corrosion-resistant steel
is surfaced onto carbon steel, the fusion zone may form
martensitic or austenitic-ferritic structures, depending
on the carbon content and diffusion processes [13 — 15].
Insufficient nickel and chromium in the deposited
metal can lead to a secondary austenitic-martensitic
structure [12]. These structures inevitably contribute
to a complex stress state in and around the contact zone.
Furthermore, the degree of mixing between the base and
deposited metals significantly influences the stress-strain
state of the bimetal composite. Ultimately, these factors
play a decisive role in determining the overall perfor-
mance characteristics of the layered metal composite.

This study aimed to assess the structure and stress-
strain state of a layered metal composite made from
corrosion-resistant steel and low-carbon steel, produced
via electric arc surfacing, and to identify optimal thermal
treatment parameters to enhance the structural strength
of the material.

] MATERIALS AND METHODS

The subject of this study is a metal composite obtained
through automatic electric arc surfacing in an argon
atmosphere, performed in two passes using a consumable
powdered electrode on a plate of standard carbon steel
grade 20 (as per GOST 1050-88) [16]. The electrode
diameter was 1.5 mm, the plate thickness was 8 mm,
the width of the deposited bead was 20 mm, and the ave-
rage bead height was 10 mm. The chemical composi-
tion of the powdered electrode was as follows (wt. %:
<0.12 C; ~18.0 Cr; ~1.0 Mn; ~5.0 Si; ~9.0 Ni; ~1.0 Mo;
~0.2 Ti; <0.04 S; <0.04 P; with the balance being iron.
To prevent cracking during surfacing, the plate was pre-
heated to approximately 300 °C.

For mechanical testing, a series of “dog bone” samp-
les were cut from the resulting workpiece along the axis
of the bead using the electro-erosion method.

The sample design and the scheme for measuring
microhardness and evaluating structural-phase characte-
ristics are shown in Fig. 1. The dimensions of the work-
ing section of the sample were 40x6x2 mm. In the work-
ing area of the sample, the fractions of the deposited
metal and the base metal were approximately equal.
Some of the prepared samples were annealed in a vacuum
at a temperature of 680 °C for 3 h, followed by furnace
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Fig. 1. A sample of metal composite for mechanical testing and
determination of structural and phase characteristics:
1 — base metal; 2 — fusion line; 3 — deposited metal;
4 — line for measuring microhardness and certification of structural
and phase characteristics

Puc. 1. O6pa3er; MeTaJUIOKOMITO3UTA JUISI MEXaHUYECKHX UCIIBITAHUIN 1
OIIpENIeNICHHs CTPYKTYPHO-()a30BbIX XapaKTEPUCTHK:
1 — OCHOBHOM MeTa; 2 — JIMHUS CIUIABICHHUS;
3 — HalJIaBJIEeHHBIH MeTall; 4 — JIMHUS U3MEPEHUS MUKPOTBEPIOCTH
U aTTeCTalliK CTPYKTYPHO-(ha30BbIX XapaKTePHCTHK

cooling (the initial state of the samples without heat treat-
ment is referred to as “State /” and the state after annea-
ling is referred to as “State 2”). For structural analysis,
cross-sectional samples were prepared in accordance with
RD 24.200.04-90. The analysis of the cross-sections was
conducted using a Neophot-21 microscope (Zeiss, Ger-
many). The elemental composition of the deposited and
base metals was determined using a LEO EVO 50 scan-
ning electron microscope (Zeiss, Germany). Microhard-
ness was measured with a PMT-3 microhardness tester
(1 N load on the indenter), and phase composition was
analyzed with a DRON-8 X-ray diffractometer (copper
radiation).

Uniaxial tensile tests at room temperature were con-
ducted on a Walter + Bai AG, model LFM-125 machine
(Switzerland) at a crosshead speed of 0.2 mm/min.

[ RESULTS AND DISCUSSION

Fig. 2, a shows the macrostructure of the metal
composite sample in State /. A strongly etched fusion
boundary is distinctly visible. The deposited metal
exhibits a layered structure with well-defined bounda-
ries (Fig. 2, a). The layers are numbered starting from
the fusion boundary, and their dimensions are provided
in Table 1.

Table 1. Layers of deposited metal

Ta6auya 1. C/1o4 HAIJIABJIEHHOI0 METAJLIA

Layer thickness, mm
Sample state
1 i i 1w
Initial (1) 0.025 | 1.50 1.35 1.25
After annealing (2) | 0.050 | 1.10 1.90 1.30
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Fig. 2. Macrostructural image of the metal composite:
a — initial state; b — state after annealing; / — IV — layer of deposited metal; /' — base metal

Puc. 2. MakpocTpyKTypHOE H300payKeHHE METAIIOKOMITO3UTA:
a — UCXOIHOE COCTOSTHUE; b — COCTOSIHUE 110CiIe OTxkKUra; [ — [V — cllou HaruIaBIEHHOro MeTaula; /' — OCHOBHOM MeTaiul

Layer [ is located immediately adjacent to the fusion
line, where the deposited metal underwent the most sig-
nificant structural and phase transformations. The mate-
rial in this layer etches poorly, giving it an unstructured
appearance. The formation of such “white zones” is typi-
cal for welded joints between high-alloy corrosion-resis-
tant steels and carbon steels. According to previous stu-
dies [17 — 19], these zones exhibit a martensitic structure.
In the macroscopic image (Fig. 2, a), layers Il and 1]
appear visually similar but are separated by a clearly dis-
tinguishable boundary.

Microstructural analysis revealed that in State 7,
the deposited metal has a cast structure, with the size
and morphology of structural elements differing across
layers 11 — IV (Fig. 3, a). In layers /I and /11, the deposited
metal displays a dendritic structure with dark inter-dend-
ritic regions. Near the boundary between layers / and /1,
the dendrites transition into polyhedral grains, while
the inter-dendritic regions transform into inter-granular
boundaries. The boundary of layer / is marked with a red
dashed line in Fig. 3. As the boundary of layer /] is
approached, the thickness of the inter-dendritic regions
increases, the transverse size of the dendrites decreases,
and dark particles begin to form within them. Overall,
in layer /I, the dendritic structure is most pronounced
and relatively uniform. The structure of layer /V is hete-
rogeneous. The transverse sizes of the dendrites can
vary significantly, differing by several times. The dark
regions between the dendrites are spatially oriented and
appear to have a phase composition distinct from that
of the dendrites themselves.

Figs. 2, a and 3, a show that the macro- and micro-
structure of the base metal (layer V) is generally typical.
The microstructure corresponds to that of high-quality
carbon steel grade 20, consisting of polyhedral ferrite
grains with a small amount of pearlite (Fig. 3, @). In
State /, the average grain size was 21 =5 um, corres-
ponding to a grain size number of 8 +~ 9. Notable struc-

11

1l

v

Fig. 3. Microstructure in layers / — IV of the deposited metal
and base metal V-
a — initial state /; b — state after annealing 2;
dC — decarburized zone of the base metal

Puc. 3. MukpocTpykTypa B ciosix / — IV HalulaBJIeHHOTO MeTajuia
W OCHOBHOTO MeTajuia V:
a — WCXOIHOE COCTOSHUE /; b — COCTOsTHUE TIOCIIE OT)KUTa 2;
dC — o6e3ymiepoxkeHHast 30Ha OCHOBHOTO MeTaluia
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tural changes were observed near the fusion line,
where a decarbonized zone (dC) formed, characterized
by the absence of pearlite. This zone is 180 um wide, with
its boundary indicated by a yellow dashed line in Fig. 3.

The microhardness of the composite varies accor-
ding to the structural characteristics of its layers (Fig. 4,
curve /). The deposited metal exhibits a microhardness
more than double that of the base metal, approximately
4000 MPa comparedto 1700 MPa. The highest microhard-
ness, 4550 MPa, is observed in the non-etching layer /.
Moving toward the middle of layer //, the microhard-
ness decreases but begins to rise again, reaching a nomi-
nal value of about 4000 MPa in layer /1. At the fusion
boundary, the microhardness measures 2550 MPa, while
its lowest value of 1225 MPa corresponds to the decar-
bonized zone (dC) in the base metal.

The structural characteristics of the deposited metal
layers and the microhardness distribution are closely tied
to changes in phase composition. Fig. 5 shows the dif-
fraction pattern obtained for the main portion of the depo-
sited metal (curve /), indicating the presence of two domi-
nant phases: FCC and BCC. At the farthest distance from
the fusion boundary (layer /V), the FCC phase (~65 %,
austenite) predominates, while the BCC phase (ferrite)
makes up no more 30 %, with no signs of tetragonal
distortions. In Fig. 3, a, the bright structural elements
in layer /V are identified as austenite, while the darker,
oriented features correspond to ferrite. The remaining
~5 % of the volume consists of a mixture of low-symme-
try phases, silicides, and carbides. Near the fusion boun-
dary, the phase composition reverses: in layer I, the BCC
phase dominates, while austenite accounts for no more
than 5 % of the volume and exhibits significant texturing.

6000

dc~ | 1
11 i 4
5000 |- /
%‘f 4000 /%
= 3000 Tﬁ\i
1
2000 +
<
L
1000 1 1 1 1 1 1
-4 -3 -2 -1 0 1 2 3 4

L, mm

Fig. 4. Microhardness in different layers of the metal composite
in initial state (/) and after annealing (2):
1 — IV — numbers of layers of deposited metal;
dC — decarburized zone of the base metal

Puc. 4. MuxpoTBepA0OCTb B pa3HbIX CJI0SX METAJUIOKOMIO3UTA
B UCXOIHOM COCTOSIHUU (/) M B COCTOSIHHHM TIOCTIe OTKuTa (2):
[ — IV — ciou HarUIaBJICHHOTO METaJljIa;
dC — obe3ymeporkeHHas 30Ha OCHOBHOTO MeTaluia
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Fig. 5. X-ray diffraction patterns of the deposited layer
in initial state (/) and after annealing (2)

Puc. 5. PentreHoBckue An(pakTorpaMMbl HAIUIABICHHOTO CIIOS
B UCXOJIHOM COCTOSIHUHM (/) ¥ B COCTOSIHUU TOCJIe OTKuUTa (2)

The proportion of low-symmetry phases also decreases
to around 2 %. As expected, the base metal consists
primarily of the BCC phase. However, near the fusion
boundary, the 220 diffraction peaks exhibit significant
broadening, likely caused by tetragonal lattice distortions
and internal stresses. This observation aligns with pre-
vious studies [17; 18] which describe a martensitic struc-
ture in the non-etching zone near the fusion boundary.

The observed structural-phase characteristics and
microhardness distribution are driven by the diffusion-
driven redistribution of carbon and alloying elements near
the fusion line (between the base and deposited metals).
This is supported by the results of elemental analysis
(Table 2).

In layers /Il and IV of the deposited metal, the alloy-
ing element content closely matches the chemical com-
position of the powdered electrode. Using the concepts
of Creq and Nieq and the A. Schaeffler structural dia-
gram for chromium-nickel stainless steels [20], the two-
phase structure of these layers becomes clear. According
to this diagram, the FCC phase corresponds to austenite,
while the BCC phase corresponds to ferrite. In layer /7,
the nickel content decreases by a factor of three, silicon
content by nearly half, and chromium content by half.
As a result, the phase composition is a mixture of mar-

Table 2. Chemical composition of the deposited metal

Tabauya 2. JieMEeHTHBII COCTAB HAIIABJIEHHOT0 METAJLJIa

Metal Content of alloying elements, wt. %
layers Si Cr Mn Ni
mar-mw 5.4 15.3 1.3 10.3
Vi 33 7.6 1.6 3.6
I 1.8 5.2 1.5 1.8
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tensite and austenite, consistent with microstructural
analysis findings. In layer /, the chromium and silicon
content drops by a factor of three, and the nickel content
decreases by a factor of 5.5, leaving only martensite. This
result aligns with both microstructural observations and
X-ray diffraction analysis.

The analysis of structure, microhardness, X-ray dif-
fraction, and elemental composition in the initial State /
reveals a significant heterogeneity in the material’s stress-
strain state, which adversely affects the composite’s
structural strength. The stress-strain curve from uniaxial
tensile testing is shown in Fig. 6 (curve /). The material
displays low plasticity, which is unusual for both carbon
and stainless steels. At a strain of € = 3.6 %, the deposited
layer fails, forming a crack that extends through the entire
layer. The crack opening reaches up to 1 mm. The dia-
gram shows that the stress calculated for the full cross-
section of the composite drops from 554.2 to 219.5 MPa.
The base metal layer remains intact and continues
to deform plastically. The remaining undamaged cross-
sectional area of the sample is 6.33 mm?, meaning that
the stress acting in this area equals the stress in the entire
sample at the moment the crack forms. This indicates that
the failure of the deposited layer is brittle. The low frac-
ture toughness of the deposited layer is likely due to high
internal stresses. This issue can be addressed by annea-
ling, which, as described earlier, was performed for 3 h
at 680 °C.

The macroscopic image of the annealed material
(Fig. 2, b) shows that the layered structure of the depo-
sited metal is largely preserved, although the boun-
dary between layers /I] and IV is noticeably blurred.
The width of layer / has increased to 50 um (Table 1).
Layer / remains non-etching (Fig. 3, »). The adjacent
layer /1, as in State I, exhibits a grain structure that gra-
dually transitions into a dendritic structure. The evolution
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of'the microstructure from layer //to layer //] after anneal-
ing follows the same pattern observed in the initial state.
The dendritic structure of layer /// remains unchanged
between the initial and annealed states. However, sig-
nificant changes occur in the microstructure of layer 7V
(Figs. 3, a and 3, b). The microstructure becomes more
uniform, with the bright austenitic structural elements
becoming more consistent in size, while the dark ferritic
elements thicken and lose their preferred orientation.

The microhardness distribution of the composite after
annealing (State 2) is shown in Fig. 4, curve 2. The most
notable changes are observed in layer /V, where the micro-
hardness decreases from 4700 to 3100 MPa. Conversely,
the microhardness of layer / increases by 400 MPa
compared to the initial state, while the microhardness
of the base metal shows a slight decrease. It is also note-
worthy that, while the microhardness of the decarbonized
zone remains unchanged after annealing, the width of this
zone expands to approximately 500 pm.

The phase composition in layers //I and [V remains
unchanged after annealing (Fig. 5, b), consisting of aus-
tenite, ferrite, and less than 5 % of low-symmetry phases.
The half-width of the main peaks for the BCC and FCC
phases decreases compared to the initial state, indicating
a reduction in second-order internal stresses. Further-
more, in layer /, the content of the FCC phase decreases
significantly (to about 2 %), and the proportion of low-
symmetry phases drops to less than 2 %. After annealing,
the base metal consists of a more refined BCC phase,
reflecting the absence of elastic distortions.

Overall, the deposited metal, fusion boundary, and
the composite as a whole transition to a more equilibrated
stress-strain state, which has a positive effect on the mate-
rial’s structural strength. As shown by curve 2 in Fig. 6,
while the deposited metal still fractures in a brittle man-
ner, the tensile stress at failure increases to 603 MPa, and
the relative elongation improves to 4.56 %.

- CONCLUSIONS

Studies of the composite produced by electric arc sur-
facing in an argon atmosphere, combining stainless steel
and low-carbon structural steel, showed that the cor-
rosion-resistant component has a two-phase austenitic-
ferritic structure. The component features a dendritic
structure, with an elemental composition matching that
of the electrode wire. The ferritic phase is concentrated in
the inter-dendritic regions. Closer to the fusion boundary,
the dendritic structure transitions into a grain structure,
and the FCC phase content decreases to zero. At the same
time, the concentration of alloying elements drops
by a factor of 3 to 5, resulting in the formation of a mar-
tensitic structure within a few micrometers of the fusion
boundary. Overall, the deposited layer exhibits high hard-
ness and brittleness due to significant internal stresses.
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Annealing at 680 °C for 3 h improves the microstructure
of the deposited layer, reduces hardness, and increases
relative elongation at failure. However, the composite
remains brittle.

During electric arc surfacing of the corrosion-resistant
layer onto low-carbon steel grade 20, a porosity-free layer
is formed that is strongly bonded to the base metal. This
layer exhibits an austenitic-ferritic phase composition
with substantial internal stresses, leading to brittle frac-
ture under load. This brittleness is attributed to the ele-
vated silicon and molybdenum content in the powdered
electrode wire compared to traditional compositions for
chromium-nickel stainless steels. Although annealing
relieves internal stresses in the deposited layer, it does
not fully eliminate the composite’s brittleness.
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