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Abstract. Surfacing, like welding, is associated with heating metals in a wide range of temperatures and subsequent cooling of heated zones at different
rates. This leads to complex structural and phase changes that are crucial for operational properties of the “protected material — coating” joint.
The structure and properties of the alloyage zone of these two materials depend on the degree of penetration, nature of the intermediate layers that
arise, and carbon diffusion in the boundary areas. When surfacing on low-carbon steel, depending on the composition of the deposited metal, the struc-
tures with a predominant amount of martensite or austenite can be obtained in the alloyage zone, depending on carbon content. The structure and
mechanical properties of the bimetallic joint between carbon steel and stainless steel were studied depending on the modes of electric arc surfacing
(submerged arc surfacing in one pass, in argon for one and two passes). It was established that the structural and phase composition of the deposited
metal is austenite, finely dispersed carbides and a needle component. The structure of the layer deposited in argon in one pass is more homogeneous
and does not contain defects. The microhardness increases smoothly along the depth of the deposited layer. As a result of surfacing in argon in two
passes, the joint has a homogeneous microstructure, but a large number of microdefects are formed in the layer, which can further lead to the formation
of a crack near the alloyage boundary. In submerged surfacing, the heating rate and specific heat input are insufficient, therefore, the surfacing bath is
poorly mixed, which leads to a suboptimal structure and the formation of thermal stresses at the alloyage boundary and to the formation of a coating
that is heterogeneous in structure and microhardness.
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AnHomayus. Hamuiaska, Kak U CBapKa, CBsi3aHa C HA'PEBOM METAJLIOB B IIMPOKOM HHTEPBAJIC TEMIIEPATYP H MOCIEAYIOLINM OXJIKACHHEM HarpeThiX
30H C PasHBIME CKOPOCTSIMH. DTO IPHBOAUT K CIOKHBIM CTPYKTYPHBIM H (pa30BBIM H3MEHEHHSIM, MMEIOIIIM OIpEACILIONIee 3HAUCHHE I
9KCILTyaTalMOHHBIX CBOHCTB COCIMHEHMS 3allUIIAeMBblil MaTepual — MOKpbITHe. CTPOCHHE M CBOICTBA 30HBI CIUIABJICHHUS 9THX JBYX MaTCpHaIIOB
3aBHCSIT OT CTENCHH NPOILIABICHNUS, XapaKTepa BO3HUKAIOMNX IPOMEKYTOUHBIX CI0eB U Auddy3Hu yiepona B MPUrPaHUYHBIX ydacTKax. IIpu
HAIUIABKE HA HU3KOYIJIEPOMMCTYIO CTallb, B 3aBUCHMOCTH OT COCTABa HAIUIABISEMOIO METajlla, B 30HE CIUIABICHHS MOTYT MOJTYYaThCsl CTPYK-
TypBI ¢ IPEBAIUPYIOLIIM KOJTHISCTBOM MapTEHCHUTA MIIH ayCTCHNTA B 3aBUCHMOCTH OT COIEpyKaHHs yriepoza. B pabore uccnenoBam CTpyKkTypy
M MEXaHHYECKHE CBOMCTBA GMMETaIMYECKOro COCMHEHHS YIICPOINCTAs CTallb — HEPHKABEIOIAsl CTANlb B 3aBHCHMOCTH OT PEXKHMOB DIIEKTPO-
IyroBoif HarLTaBKy (IO (UIIOCOM 3a OIMH IIPOXOZ, B aPTOHE 3a OAMH M [Ba IPOXOZa). YCTAHOBICHO, UTO CTPYKTYPHO-(pa30BBIH COCTAB HAILIAB-
JICHHOTO METaJlla — ayCTEHHT, MEIKOAMCICPCHBIC KapOuIbl U UroIbuaTask cocTapsiomas. CTpyKTypa HAILIABICHHOIO B aproHe 3a OJIMH MPOXOJ
cr1ost siByIsIeTCst Goree OMHOPOIHOM M He COTEePIKUT Makpone(ekToB. MUKPOTBEpAOCTh IUIABHO YBEIHIMBASTCS 110 NIyOHHE HAIUIABICHHOIO CIIOS.
B pesynsrate HAIIABKU B aprOHE 3a [BA IPOX0/a COCMHEHHE HMEeT OHOPOJHYIO MUKPOCTPYKTYPY, HO B CJ10¢ 00pa3yeTcs OOIbIIOe KOMHYECTBO
MHKPOZIe(eKTOB, KOTOPBIE B JaIbHEHIIEM MOTYT IIPHBECTH K 00Pa30BaHHIO TPEIIUHBI BOIM3H IPAHHUIIB! CIUIABIeHs. [Ipn HammaBke oz (Iocom
CKOPOCTb HarpeBa M y/IeJIbHOE TEILIOBIOKCHHE HEAOCTATOYHBI, [I03TOMY HAIIABOYHAs BAHHA IUIOXO MEPEMEIINBACTCS, YTO MPUBOIUT K HEONTH-
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[ INTRODUCTION

In many industries, such as chemical, nuclear, aero-
space, and others, the structural strength of components
is often determined by the materials’ resistance to aggres-
sive environments. Technically, this challenge can be fully
addressed by using corrosion-resistant materials [1 — 3].
However, from an economic stand-point, such a solu-
tion may not always be rational, particularly in applica-
tions like the secondary coolant circuits in nuclear power
plants. While corrosion-resistant steel is essential for
manufacturing pipelines, high-quality carbon steels can
be used for valves and some pump components, provided
that anticorrosion coatings are applied to the surfaces
exposed to the coolant [4]. One of the most widespread
and effective methods for applying such coatings is elec-
tric arc surfacing [5 — 7]. Currently, the scientific prin-
ciples of electric arc surfacing are well established, and
numerous modifications of this method exist. Electric arc
surfacing is easily mechanized, ensuring high producti-
vity. It allows for the uniform application of metal layers
with the desired physical and mechanical properties, thus
fulfilling the required technological objectives [8 — 12].
In the present study, the goal was to protect valves made
of low-carbon steel from aggressive liquids. Challenges
arose when transitioning from previously used surfacing
materials to new ones.

Surfacing, like welding, involves heating met-
als over a wide temperature range and subsequently
cooling the heated zones at different rates. This leads
to complex structural and phase changes, which play a
critical role in determining the operational properties
of the “protected material — coating” joint [15]. The coat-
ing is formed during the crystallization of the molten
electrode metal and the fused base metal, acquiring a
cast structure. The characteristics of the aloyage zone
between the deposited layer and the base material are
particularly important for the properties and performance
of the coating, especially when they differ in composi-
tion and structural class. The aloyage zone determines
the reliability of the bond between the deposited metal
and the base material [14 — 16]. The base material is
low-carbon steel, while the deposited metal is stainless
steel. The structure and properties of the aloyage zone
between these two materials will depend on the degree
of penetration, the nature of the intermediate layers that
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form, and carbon diffusion in the boundary areas [17; 18].
When surfacing low-carbon steel, depending on the com-
position of the deposited metal, the aloyage zone may
develop structures with a predominant amount of mar-
tensite or austenite, depending on the carbon content.
The deposited metal, depending on the chromium and
nickel content, may exhibit an austenitic or austenitic-
ferritic structure. If the nickel and chromium content is
insufficient, the deposited metal may develop a secon-
dary austenitic-martensitic structure [4; 8; 19]. The prop-
erties of the depos-ited metal and the resulting struc-
ture of the surfacing layer are significantly influenced
by the mixing of the base metal and the electrode mate-
rial. Generally, minimal mixing of the deposited metal
with the base metal is desired. When stainless steels are
deposited onto unalloyed steel, a sharply defined transi-
tion zone often forms between the deposited and base
metals, with a relatively wide width [20; 21].

This study investigates the influence of various elect-
ric arc surfacing methods on the structure and mechani-
cal properties of the bimetallic joint between carbon steel
and stainless steel.

[ MATERIALS AND METHODS

The study investigated the structure and proper-
ties of coatings obtained through mechanized surfacing
using consumable electrodes made of solid stainless steel
wire with an Fe—C—Cr—Ni—Si—Mn alloying system.
The wire had a diameter of 1.8 mm, and various num-
bers of layers were applied using the following methods:
submerged arc surfacing (1 pass), argon arc surfacing
(1 pass), and argon arc surfacing (2 passes). The chemical
composition of the Fe—C—-Cr—Ni—Si—Mn wire was as
follows, in wt. %: <0.12 C; ~15.0 Cr; ~0.8 Mn; ~4.5 Si;
~8.5 Ni; <0.04 S; <0.04 P; with the remainder being iron.

Surfacing was performed on specimens of high-qua-
lity carbon steel 20 with dimensions of 50x15x10 mm
(length x width x height).

To study the microstructure, cross-sectional samples
were prepared from each specimen after each surfacing
mode. The preparation of the samples involved mechani-
cal grinding, mechanical polishing on a synthetic dia-
mond material, transitioning from coarse to fine diamond
powder, and chemical etching [8; 10; 22]. The study
of the structure and the measurement of the microhard-
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6. 1 2

Fig. 1. Diagram of typical connection zones for metallographic studies:
1 — deposited roller; 2 — the upper part of deposited metal;
3 — the lower part of deposited metal; 4 — alloyage zone of roller and
base metal; 5 — base metal; 6 — microhardness measuring line

Puc. 1. Cxema xapakTepHBIX yUYaCTKOB COEIUHEHHS ISl IPOBEACHHS
MeTtaorpaguueckux UCciea0BaHuii:
/ — HaTUIaBJICHHBIN BaIMK; 2 — BEPXH: YaCTh HAIJIABIEHHOTO METaa;
3 — HYDKHSISI 9acTh HAIUIABJIICHHOTO METaJLIa;
4 — 30Ha CIUIABJICHHS BaJMKa U OCHOBHOTO METAJLIa;
5 — OCHOBHOM MeTaJll; 6 — IMHUS N3MEPEHUs] MUKPOTBEPIOCTH

ness of the “coating — base metal” joint were performed
on polished samples according to the scheme presented
in Fig. 1.

Structural investigations were conducted using optical
microscopy (OM) and atomic force microscopy (AFM)
with Neophot-21 and Solver PH47-PRO microscopes,
respectively [22]. Microhardness measurements were
carried out using a PMT-3 microhardness tester under
aload of 0.1 N.

[ RESULTS AND DISCUSSION

A visual inspection of the unetched crosssections from
the three variants showed no macrodefects, such as pores
or cracks, in the surfaced layers. However, scan images
of the etched crosssections obtained with an atomic force
microscope (AFM) revealed that, in all surfacing modes,
rare isolated microdefects in the form of spherical pores
were predominantly present at the aloyage boundary
between the stainless steel and steel 20 (Fig. 2). Profilo-
grams constructed using the sectioning method allowed
for determining their morphology and size. The maxi-
mum dimensions of the micropores in the longitudinal
and transverse directions were 10 and 15 um, respec-
tively. However, due to their small size, they are not clas-
sified as surfacing defects.

The structure of the base metal (region 5) in all cases
corresponds to the structure of low-carbon steel 20
(Fig. 3), characterized by polyhedral grains of fer-
rite and pearlite, with an average grain size of approxi-
mately 52 um, corresponding to a grain number of 5 to 6.
The microhardness was HV | = 1320 MPa.

The deposited metal formed in all three surfacing
variants can be conventionally divided into four regions,
with the thickness of these regions varying depending
on the surfacing mode. Point 4 corresponds to the aloyage

boundary (the dark layer in Fig. 4) and the heat-affected
zone (HAZ). In the HAZ, a Widmanstatten structure is
observed adjacent to the aloyage boundary. Directly
at the aloyage line, a decarburized layer with the lowest
hardness (HV , = 1000 MPa) was detected. The thick-

1.6

1.2
= 08
[N}

Fig. 2. Topography of defects near the alloyage boundary (AFM)
(3D images)

Puc. 2. Tonorpadust nedexro BOmu3u rpanuiib crutaBieans (ACM)
(3D usobpaskenus)

Fig. 3. Structure of 20 steel

Puc. 3. Ctpykrypa cramu 20

435



N3BECTUSA BY30B. YEPHASI METAJIJIYPTUA. 2024;67(4):433-439.
llnsxosa I'B., [lanusoe B.U. ccneoBanvie BIAMSHUS 3JIEKTPOAYTOBON HAMJIABKY HA CTPYKTYPY U CBOMCTBA MOKPBITHH

Fig. 4. Structure of deposited layer (Fig. 1), made according to option / — 3 (a —¢):
1 — deposited roller; 2 — the upper part of deposited metal; 3 — the lower part of deposited metal; 4 — alloyage zone of roller and base metal

Puc. 4. CTpyKTypa HaIIaBJICHHOTO €105l (CM. pucC. 1), BBITOIHEHHOTO 110 BapuaHty / — 3 (a —¢):
1 — HarUTaBICHHBIN BAJUK; 2 — BEPXHSS YacTh HAIUIABICHHOTO MeTaIlIa; 3 — HI)KHSIS YacTh HAIUIABICHHOTO MeTaslIa;
4 — 30Ha CIUIABJICHHS BaJIMKa  OCHOBHOTO METalia

ness of this layer in the sample processed according
to variant / was approximately 100 um, and in variant 2,
it reached a maximum of 120 um. In the sample surfaced
using mode 3, the decarburized layer was not detected,
with only small, very rare areas up to a maximum depth
of 15 um observed.

In the surfacing conducted according to variant 7,
the phase composition is primarily austenite, with varying
morphology and size of structural elements (Fig. 4, a).
The extent of characteristic regions of the joint (AL)

and the corresponding microhardness values are indi-
cated in the table (measured from the upper, or free,
surface of the surfacing; see the diagram in Fig. 1).
In region 3, the austenite grains contain a acicular com-
ponent that could not be precisely identified. Most likely,
these are martensitic needles, as evidenced by the high
micro-hardness values (Fig.5): the microhardness in
region 3 is nearly twice that of regions / and 2, reaching
HV,, = 6500 MPa. Isolated micropores were found near
the boundary.

Values of microhardness in deposited layer

3HauyeHus MHUKPOTBEPAOCTH B HAIJIABJICHHOM CJ10€

) HVO,I, MPa AL, pm HVO’I, MPa AL, pm HVO’1 , MPa AL, pm
Region Variant / Variant 2 Variant 3
1 3300 1680 2060 1000 2800 4200
2 3550 1400 2500 3500 3000 3900
3 5100 2100 3100 1050 3500 2100
4 6500 8 4200 60 4600 50
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The microstructure of the deposited metal in the joint
obtained using variant 2 is more homogeneous than that
of the sample from variant / (Fig. 4, ). The microhard-
ness changes relatively smoothly with depth, reach-
ing its maximum only at the aloyage boundary (Fig. 5,
Table). The aloyage zone (heavily etched region 4) is
approximately 60 pm thick, with a hardness 1.5 times
higher than the average hardness of the deposited metal,
though significantly lower than in the sample surfaced
using variant 1 (6500 MPa). The phase composition
of the deposited metal includes austenite and fine-dis-
persed carbides, with a acicular component appearing
near the aloyage boundary. Overall, the joint obtained
using variant 2 is the most refined, free of defects such
as microcracks in the deposited metal and at the aloyage
boundary.

The structure of the deposited metal surfaced using
variant 3 is more homogeneous than that of the sample
from variant / and is similar to the structure of the sample
from variant 2, despite the use of two-pass surfacing here
(Fig. 4, ¢). The microhardness in the main part of the sur-
facing (more than 80 %) does not significantly change with
depth. In the remaining 20 % of the surfacing thickness,
it increases by approximately 15 %, reaching a maximum
in the boundary area (see Table). The aloyage boundary
itself (heavily etched region) is about 50 um thick, with
a hardness 1.5 times higher than the average hardness
of the deposited metal (Fig. 5). Overall, the joint from
variant 3 has a good homogeneous microstructure, but
the largest number of micropores formed in the deposited
metal near the boundary.

Submerged arc surfacing (variant /) results in a coa-
ting with a heterogeneous structure and microhard-

7000

6000

5000

Microhardness, MPa

Surfacing option

Fig. 5. Dependence of microhardness of deposited layer
on surfacing method

Puc. 5. 3aBUCUMOCTb MUKPOTBEPAOCTH HAILIABIEHHOTO CJIOS
0T crioco0a HaIIaBKH

ness. Isolated micropores were found in the coating
near the aloyage line with the base metal. In this part
of the coating, there is an increased content of quenched
(acicular) structures.

Based on the macro- and microstructural analysis
of the surfaced layers, it was established that the most
refined structure is found in the sample processed using
variant 2 — argon arc surfacing in one pass. The struc-
ture of the deposited metal consists of austenite, fine-dis-
persed carbides, and a acicular component near the aloy-
age boundary. The microhardness of the surfaced layer
changes smoothly with depth, reaching maximum values
only at the aloyage boundary. No microdefects were
found.

The analysis of the structural-phase composition
of the metal surfaced using variant 3 — argon arc sur-
facing in two passes — showed that the joint has a good
homogeneous microstructure; however, the largest num-
ber of micropores was found in the layer surfaced dur-
ing the first pass near the aloyage boundary. An increased
content of acicular structures and, consequently, higher
microhardness were also observed in this area.

- CONCLUSIONS

The study established that during surfacing, carbon
diffuses into the deposited metal, leading to the formation
of carbides and the development of hardened structures,
such as an acicular structure. In the heat-affected zone,
a Widmanstatten structure forms, characterized by fine
needles extending from ferritic plates. The base metal
structure remains ferrite-pearlite.

In submerged arc surfacing, the heating rate and spe-
cific heat input are insufficient, resulting in poor mixing
of the weld bath. This leads to a suboptimal structure and
the formation of thermal stresses at the aloyage bound-
ary. A similar issue arises in two-pass surfacing, where
the lower layer is not fully penetrated.
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