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Аннотация. Наплавка, как и сварка, связана с нагревом металлов в широком интервале температур и последующим охлаждением нагретых 

зон с разными скоростями. Это приводит к сложным структурным и фазовым изменениям, имеющим определяющее значение для 
эксплуа тационных свойств соединения защищаемый материал – покрытие. Строение и свойства зоны сплавления этих двух материалов 
зависят от степени проплавления, характера возникающих промежуточных слоев и диффузии углерода в приграничных участках. При 
наплавке на низкоуглеродистую сталь, в зависимости от состава наплавляемого металла, в зоне сплавления могут получаться струк-
туры с превалирующим количеством мартенсита или аустенита в зависимости от содержания углерода. В работе исследовали структуру 
и механические свойства биметаллического соединения углеродистая сталь – нержавеющая сталь в зависимости от режимов электро-
дуговой наплавки (под флюсом за один проход, в аргоне за один и два прохода). Установлено, что структурно-фазовый состав наплав-
ленного металла – аустенит, мелкодисперсные карбиды и игольчатая составляющая. Структура наплавленного в аргоне за один проход 
слоя является более однородной и не содержит макродефектов. Микротвердость плавно увеличивается по глубине наплавленного слоя. 
В результате наплавки в аргоне за два прохода соединение имеет однородную микроструктуру, но в слое образуется большое количество 
микродефектов, которые в дальнейшем могут привести к образованию трещины вблизи границы сплавления. При наплавке под флюсом 
скорость нагрева и удельное тепловложение недостаточны, поэтому наплавочная ванна плохо перемешивается, что приводит к неопти-
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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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 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 cha racteristics 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 mate rials will depend on the degree 
of penetration, the nature of the intermediate layers that 

form, and carbon diffusion in the boundary areas [17; 18]. 
When surfacing low-carbon steel, depending on the com-
position of the depo sited metal, the aloyage zone may 
develop structures with a predominant amount of mar-
tensite or austenite, depen ding on the carbon content. 
The deposited metal, depen ding 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 С; ~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 50×15×10 mm 
(length × width × 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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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 
a load 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 µm, 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 µm, corresponding to a grain number of 5 to 6. 
The microhardness was HV0.1 = 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 (HV0.1 = 1000 MPa) was detected. The thick-

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

Рис. 1. Схема характерных участков соединения для проведения 
металлографических исследований: 

1 – наплавленный валик; 2 – верхняя часть наплавленного металла; 
3 – нижняя часть наплавленного металла;  

4 – зона сплавления валика и основного металла;  
5 – основной металл; 6 – линия измерения микротвердости

Fig. 3. Structure of 20 steel

Рис. 3. Структура стали 20

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

Рис. 2. Топография дефектов вблизи границы сплавления (АСМ) 
(3D изображения)
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ness of this layer in the sample processed according 
to variant 1 was approximately 100 µm, and in variant 2, 
it reached a maximum of 120 µm. 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 µm observed.

In the surfacing conducted according to variant 1, 
the phase composition is primarily austenite, with va rying 
morphology and size of structural elements (Fig. 4, a). 
The extent of characteristic regions of the joint (ΔL) 

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 1 and 2, reaching 
HV0.1 ≈ 6500 MPa. Isolated micropores were found near 
the boundary.

Values of microhardness in deposited layer

Значения микротвердости в наплавленном слое

Region
НV0,1 , MPa ∆L, µm НV0,1 , MPa ∆L, µm НV0,1 , MPa ∆L, µm

Variant 1 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

Fig. 4. Structure of deposited layer (Fig. 1), made according to option 1 – 3 (a – c):
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

Рис. 4. Структура наплавленного слоя (см. рис. 1), выполненного по варианту 1 – 3 (а – c): 
1 – наплавленный валик; 2 – верхняя часть наплавленного металла; 3 – нижняя часть наплавленного металла; 

4 – зона сплавления валика и основного металла
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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 1 (Fig. 4, b). 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 µm 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 va riant 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 1 and is similar to the structure of the sample 
from variant 2, despite the use of two-pass surfacing here 
(Fig. 4, c). 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 µm 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 1) results in a coa-
ting with a heterogeneous structure and microhard-

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 valu es 
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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