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 
ABSTRACT 
 
This paper presents the results of producing multilayer blanks 
and laminates, formation of structure and properties of homo- 
and heterogeneous materials using plasma surfacing at 
straight and reverse polarity current. Formation of blanks 
using plasma surfacing was carried out on universal CNC 
stand developed for this purpose that enables to manufacture 
blanks of various profiles and complex configurations, 
including three-dimensional models. Complex 
metallographic, durometric studies, as well as mechanical 
tests and research on the operational properties of the 
obtained samples, were performed. 
It is shown that plasma surfacing at reverse polarity current 
ensures a good fusion of the layers with minimal heat input 
into the base and filler material. This reduces the thickness of 
the fusion zone and intermixing of metal in the layers. In 
addition, cathode cleaning lowers the probability of interlayer 
defects. 
The work presents technology of heterogeneous laminated 
material creation from combinations of materials: steel 
(10Cr18Ni10Тi) - nickel alloy (06Cr15Ni60Mo15), steel 
10Cr18Ni10Тi - copper (Cu1), steel (38Cr2Ni2MoА) - 
bronze (Al-Mn 9-2). 
Received technological recommendations can be applied in 
various industries in manufacturing parts of complex shapes 
of both homogeneous and heterogeneous composition. 
 
Key words: Plasma technologies, plasma torch, layered 
materials, microstructure, plasma surfacing, direct polarity of 
current, reverse polarity of current, structural alloys, 
mechanical properties.  
 
1. INTRODUCTION 
 

Modern industry development is associated with the 
development of new materials and introduction of innovative 
technologies and equipment. According to literature by 
Frazier [1], Petrick and Simpson [2] and Zlenko [3] one of the 
ways to increase production efficiency of finished metal 
products of complex shape and size in conditions of a single 

 
 

and small-scale production lies in manufacturing blanks 
using layer-by-layer metal deposition - additive technologies. 

In addition, possibility of using different materials in layers 
makes it possible to improve performance characteristics of 
working surfaces operating under severe conditions and to 
increase the load-bearing capacity of the structure as a whole. 
Books by Wray [4], Morrow [5], Freedman [6], Chumakov 
[7], show that the use of such technologies for manufacturing 
metal structures will increase efficiency and reduce costs for 
preproduction and finishing machining in manufacturing of 
critical products of complex shape. 

Manufacturing process is a layer-by-layer application of 
the metal. A paper by Smirnov [8] reviews that surfacing 
technologies have great opportunities for producing metal 
blanks. For this purpose, theoretically, all known surfacing 
technologies can be used. Smirnov [8], Techel et. al. [9], Murr 
et al. [10], Campanelli et al., Campanelli et al. [11, 12], Chen 
[13], Ding et al. [14], Williams et al. [15] provide examples of 
using powder and wire materials for metal products 
production using additive technologies. 

Production of blanks with minimum machining allowance 
and high service characteristics is associated with solution of 
a large number of different tasks related to ensuring the 
accuracy of blanks, such as: the accuracy of the trajectory of 
the working tool, the provision of a given thickness and 
profile of the elements, getting specified structure and 
properties of the construction metal (depth penetration, size 
of the fusion zone between the layers, metal heating and 
cooling rate, the residence time of metal in the molten state, 
chemical composition of metal of layers, possible loss of 
alloying elements. In addition, it is necessary to take into 
account cyclic nature of heating of the formed blank that can 
make it difficult to receive required dimensions of deposited 
layers and required structure of produced metal. 

Ashan M. N. et al. [16], Jhavar [17] describe that surfacing 
using concentrated energy sources technologies provide wide 
possibilities for solving the above-mentioned problems. 

Currently, successful attempts are being made to use laser 
powder and electron beam surfacing for manufacturing 
critical structures from various materials.  

Loeber et al. [18], Bezobrazov [19], Louvis et al. [20] 
believe that along with undeniable advantages, laser additive 
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technologies have a number of significant drawbacks: low 
process efficiency, residual porosity in the processing of 
active materials and alloys, high requirements for powder 
dispersion and high equipment cost.  

Shchitsyn [21] considers that using plasma surfacing 
provides a number of advantages, both from the technological 
and economic point of view. Also Shchitsyn [22] mentions 
including high efficiency, a wide range of regulation of heat 
transfer to the base and deposited material and, consequently, 
control of depth and width of penetration, structure, 
composition and properties of the material being formed. 
Wire, powders or their combination can be used as a filler 
material. 

In addition, comparative simplicity and low cost of 
equipment for plasma surfacing should arouse interest of 
production workers. Plasma surfacing technologies make it 
possible to obtain materials with gradient characteristics. 

For introduction these technologies into production, it is 
necessary to develop the technology for manufacturing blanks 
for critical structures from homo- and heterogeneous 
laminates using plasma surfacing. 

The purpose of this study was to assess manufacturing 
capability of producing laminates and to determine current 
polarity effect of on the structure, performance properties of 
samples obtained with multilayer plasma surfacing. 

To achieve this goal, the following tasks were set: 
1. To perform comparative studies of formation of the 

structure and properties of homo- and heterogeneous 
laminates by plasma surfacing at straight and reverse polarity 
current; 

2. To develop technological recommendations for 
producing laminates from high-alloy steels and non-ferrous 
alloys by plasma surfacing.  

2. RESEARCH METHODOLGY 
Work on blanks formation using plasma surfacing was 

carried out on a universal stand designed for this purpose 
(Figure 1) that enables producing blanks of various profiles. 

 

 
Figure 1: The particles of the universal plasma surfacing stand 

The equipment provides maintenance of regime 
parameters, with a maximum deviation up to 5%. The 
accuracy of travel is 0.5 mm, and the error in travel speed of 
working tool is not more than 3%.  

Technical parameters are shown in Table 1. 

Table 1: Technical characteristics of the plasma surfacing stand 

Travel speed, idling Up to 8000 mm/min 
Control step of travel speed 1 mm/min 

Processing area 1500х500 mm 
Rotator load capacity Up to 600 kg 

Faceplate rotating speed 0,12…2,5 rpm 
Welding current regulating range 5…400 А 

Idling voltage 92 V 
Wire feed speed 0,1…18 m/min 

Control step of wire feed speed 0,01 m/mim 
 
2.1. Materials 
 

The choice of materials results from contractual works 
performance for military-industrial complex enterprises. 

As base materials for samples production, wire materials 
were used: 

• High-alloy steel 10Cr18Ni10Тi (Ø1,2mm, Wire made of 
high-alloy corrosion-resistant and heat-resistant steel); 

• Bronze of grades CuSi3Mn1 and Al-Mn 9-2 (Ø1.6mm, 
bronzes are thinless, processed by pressure) 

• copper grade M1 (Ø1,2mm, Wires and rods of copper and 
copper-based alloys); 

• Nickel alloy 06Cr15Ni60Mo15 (Ø1,2mm, Welding steel 
wire). 

The substrate material used: 
• High-alloy steel 10Cr18Ni10Тi (Graded and calibrated 

steel, corrosion-resistant, heat-resistant). 
• steel 38Cr2Ni2MoА (rolling from alloy steel structural 

steel, Technical specifications). 
As a protective and plasma-forming gas, argon was used 

(argon is gaseous and liquid.) Technical specifications. 
 

2.2. Structural study of materials 
 
The methods for structural studies in the work were chosen 

based on need to analyze materials at various scale levels. 
Experimental data obtained using these methods was used to 
illustrate mechanical properties of materials. Metallographic 
studies were carried out on a digital microscope Altami, a 
stereoscopic microscope CM0745-T. The images were taken 
in magnification range from x25 to x1000 times. The objects 
of studying were metallographic sections prepared according 
to standard methods using PRESIDON-ML-L1 automatic 
press and PLATO_HA grinding and polishing unit. The 
cutting operation was performed on a wire EDM machine. 

Grinding and polishing of metallographic sections were 
carried out gradually, consistently increasing the dispersion 
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of abrasive materials. Coarse grinding was carried out on 
abrasive wheels with a grain size of 110 and 22 microns, fine 
grinding and polishing on cloth circles using diamond 
suspensions containing particles ranging in size from 9 to 0.5 
microns. 

Mechanical properties of the material are quantitative 
indicators that allow evaluating the behavior of a material 
under external loading conditions. In the presented study, the 
hardness, strength and ductility under tensile conditions and 
the toughness of considered materials were evaluated. 
Measuring microhardness method was used to assess the 
hardness of structural constituents included in the analysis of 
materials. The investigations were carried out on 
microdurometer Wolpert Group 402 MVD according to 
Vickers method in accordance with the requirements. The 
indenter was a regular tetrahedral diamond pyramid with an 
angle of 136 ° between opposite faces. The load on the 
indenter was 0.098 ... 1.96 N. Microhardness was evaluated 
on unetched and slightly etched sections prepared according 
to a standard procedure. The results of the tests were subjected 
to statistical treatment. Strength characteristics of layered 
metal composite materials were determined by the uniaxial 
stretching scheme in accordance on Instron 3369. The test 
samples were prepared on a wire EDM machine. Moving of 
the movable cross-arm of the stretching machine was carried 
out at speed of 0.5 ... 5 mm / min. 

 
2.3. Impact bending tests 

 
In conditions of operation, allowing dynamic impact on 

structural elements, an important role is played by cracks, 
incisions and other defects that are mechanical stresses 
concentrators laminated materials were tested for impact 
bending. Metrocom impact pendulum-type testing machine 
was used for the tests with a maximum impact energy of 300J. 
The samples were in form of parallelepipeds 10x10x55 mm in 
size with U-shaped concentrators. The depth of the incisions 
was 2 mm. The impact strength of layered composite 
materials depends to a large extent on direction of application 
of the load relative to the interface joint of the layers. 

 
2.4. Corrosion tests 

 
In aggressive environment working conditions, the 

material must meet the requirements for corrosion resistance: 
Methods of corrosion testing. Samples were prepared and 
tests were carried out by immersion in HCl and HNO3 
solutions of the corresponding materials. To accelerate the 
corrosion process, it is allowed to conduct testing at elevated 
temperatures and in the concentration of solutions. The test 
temperature for 100% HNO3 solution is 60 ° C, 100% HCl 
solution is 65 ° C. A quantitative estimate was the relative loss 
of sample mass and sizing them before and after the test. The 

weighing was carried out on electronic scales ED-H, with an 
accuracy of 0.001 units. 

 
2.5. Friction coefficient tests 

 
To conduct comparative tests of welded layer quality, it is 

necessary to conduct studies on wear resistance of the 
working surface. Methods for assessing wear resistance of the 
restored parts, an assessment of wear resistance is made. A 
quantitative estimate was the relative weight loss of the 
sample. The weighing was carried out on electronic scales 
ED-H, with an accuracy of 0.001 units. Testing time 15 
minutes, every 5 minutes the control weight was measured. 
Washing and drying of the samples were carried out before 
each weighing. 

3. RESULTS AND ITS CONSIDTERATION 
Currently, more than 80% of plasma surfacing work is 

performed at straight polarity current. At the same time, a 
completely acceptable quality of welded metal is ensured. The 
book by Shchitsyn (2017) shows that plasma surfacing at 
reverse polarity current provides good fusion of the layers 
with minimal heat input into base and filler material. This 
reduces the thickness of fusion zone and intermixing of the 
metal in the layers. In addition, cathode cleaning lowers the 
probability of appearance of interlayer defects. The surfacing 
microstructures are presented in Figure 2. 

 
(a) 

 
(b) 

 
Figure 2: Microstructure of multilayer surfacing of steel 

10Cr18Ni10Тi: (a) reverse current polarity, (b) straight current 
polarity 
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During metallographic study of surfacing at reverse 
polarity current, a transition zone with a thickness of up to 
100 μm is formed in the area of the first deposited layer (Fig. 
2, a). The structure of the first and second layer of surfacing 
has a dendritic structure with mutual germination of grains 
from one layer to another with an increased carbide 
heterogeneity. Particles of carbides are located, as a rule, 
along grain boundaries. 

The structure of surfacing made by direct action plasma arc 
with straight polarity is uneven in height (Figure 2, b). In the 
first layers of surfacing with a height of 3,5 ... 3,7 mm, the 
structure is fine-crystalline, cellular-dendritic character is 
austenite + carbides with a significant content of δ-ferrite 
discharge. Next, there is a layer of surfacing with a 
fine-crystalline structure with a smaller content of δ-ferrite 
retained. In the rest of surfacing layers (14.2 ... 15 mm high), 
a coarse-crystalline structure of elongated dendrites is formed 
with formation of primary grain boundaries, the structure is 
austenite + carbides, δ-ferrite discharge are single; In area of 
coarse-grained structure of the welded metal, hot cracks are 
formed along the boundaries of the primary grains. 

In the work, laminated homogeneous material was tested 
for tension, impact bending with U-shaped concentrators 
(Table 2), were tasted 10 samples. 

Table 2: Mechanical properties of laminate materials 

Material σв, MPa σ0.2, MPa KCU, J/cm2 
10Cr18Ni10Тi 535…564 210…239 200…229 

Laminated 
homogeneous material 

(straight polarity 
current) 

526…554 220…249 125...154 

Laminated 
homogeneous material 

(reverse polarity current) 
517…546 235…264 145…174 

 
Many products that work in severe conditions are 

manufactured combined: the base that fulfills bearing 
properties consists of cheaper materials, and working surfaces 
that are obtained by depositing alloys with special properties. 
Studies were carried out on creation of a laminate based on 
high-alloy steel 10Cr18Ni10Тi and nickel alloy 
06Cr15Ni60Mo15. Surfacing was carried out on reverse 
polarity current in the following sequence: 4 layers of 
10Cr18Ni10Тi steel were deposited on a substrate of 
09Mn2Si steel, consisting of 3 overlapping each other for 
30% rollers. A wide range of control parameters for surfacing 
allows achieving a minimum transition zone between 
heterogeneous materials (Figure 3). 

 
(a) 

 
(b) 

 

Figure 3: The layers microstructure of the obtained material 
(X100): (a) a layer of alloy 06Cr15Ni60Мo15, (b) a layer of steel 

10Cr18Ni10Тi 

Microstructural analysis showed: 
• metal of both layers of surfacing is dense, without cracks, 

pores, looseness, incomplete fusion and oxide blisters; 
• in the first layer of surfacing the structure is dendritic, the 

axes of the first and second order dendrites are thin; in the 
interdendritic space there are multiple discharges of fine 
particles typical for nickel alloys of the second γ 'phase in the 
form of stitches. 

Results of mechanical properties of the obtained laminate 
are shown in Table 3. 

Table 3: Mechanical properties 

Material σв, MPа σ0,2, MPa δ, % KCU, 
J/cm2 

10Cr18Ni10Тi 543…550 221..228 45…48 214…217 
06Cr15Ni60Мo15 674…685 416…430 33…35 143…145 

Laminated material 538..556 390…396 21…25 149…152 
 
Based on the results of the study, the following results were 

obtained for corrosion resistance of samples made with 
multilayer plasma surfacing at straight and reverse polarity 
currents. General corrosion rate of a sample of high-alloy 
steel 10Cr18Ni10Тi welded at straight polarity current was 
0.00082 g / (m2 · h), corrosion of a sample of high-alloy steel 
10Cr18Ni10Тi welded at reverse polarity current was 0.0007 
g / (m2 · h), corrosion of a sample of alloy 06Cr15Ni60Мo15 
+ 10Cr18Ni10Тi was 0.0004 g / (m2 · h), 
Figure 4 shows structure of plasma surfacing of copper (Cu1) 
on steel (10Cr18Ni10Тi) at straight and reverse polarity 
current. 
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(a) 

 
(b) 

 

Figure 4: The microstructure of the laminate steel (10Cr18Ni10Тi) 
- copper (Cu1): (a) surfacing at straight current polarity, (b) 

surfacing at a reverse current polarity 

Metallographic analysis shows that surfacing of one roller 
at straight polarity current is up to 2.2 mm, 13 mm wide. The 
depth of penetration into the base was up to 2.1 mm. When 
surfacing at reverse polarity current geometric dimensions of 
one roller are width 23 mm; height 3 mm. The depth of 
penetration was up to 0.3 mm. Metal 10Cr18Ni10Тi has a 
fine-crystalline structure. The structure is cellular-dendritic 
in nature based on austenite with discharge of δ -ferrite along 
crystallite boundaries + carbides that is typical for cast state of 
welded metal. 

To ensure increased corrosion and wear resistance of the 
surface prepared for surfacing, bronzes of different 
composition are used. The possibility of surfacing bronzes of 
Al-Mn 9-2 on 38Cr2Ni2MoА steel is shown in the work. 
During surfacing, improved steel was used that underwent 
hardening 850 ° C in oil for 1 hour + tempering 650 ° C for 
1.5 hours, with a hardness of at least 270 HB). 

Surfacing microstructure is shown in Figure 5. 

 
(a) 

   
(b) 

Figure 5: The microstructure and characteristic zones of surfacing 
Bronze Al-Mn 9-2: (a) straight polarity current, (b) reverse polarity 

current 

Microstructural analysis of plasma surfacing at direct 
polarity current has shown that surfacing metal does not have 
incomplete fusion, pores, blisters, cracks; the structure of 
surfacing consists of an α-solid solution; the transition zone 
has a non-uniform width of 0.015 to 0.125 mm with a 
cellular-dendritic structure. When surfacing at reverse 
polarity of current, a defectless structure of deposited layer is 
obtained, consisting of an α-solid solution; at the fusion line 
of bronze surfacing with steel there is a typical transition zone 
of 0.005 ... 0.01 mm in width made of steel with bronze 
inclusions. 

Microhardness of typical deposition zones is shown in 
Table 4. 

Table 4: Microhardness of typical deposition zones 

Measurement zone Microhardness, Нµ50, 
kgs/mm2 

Base material 270…310 
HAZ 310…514 

Br Al-Mn 9-2 surfacing 160…187 
 
Efficiency of the welded working surface obtained was 

evaluated by friction tests using pin-on-disk method in a 
chromium-bronze pair. Test results are shown in Table 5. 

Table 5: The values of friction coefficients of chromium and bronze 
pair 

Sample 
Measurement 

1 2 3 
Br Al-Mn 9-2 (surfacing at reverse polarity 

current) 0,51 0,66 0,53 

* friction coefficients of chromium-bronze in initial state: 0,5 
**test conditions: V = 1m/s, P = 3 MPa 
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4. CONCLUSION 
1. Possibility of creating layered materials by plasma 

surfacing on plasmatron operation at straight and reverse 
polarity current is estimated. 

2. It is established that the use of reverse polarity makes it 
possible to obtain a defectless, finer-dispersed structure in 
case of multilayer surfacing of high-alloy steel 
10Cr18Ni10Тi. 

3. Technology of manufacturing heterogeneous laminated 
material from combinations of materials is developed: steel 
(10Cr18Ni10Тi) - nickel alloy (06Cr15Ni60Мo15), steel 
10Cr18Ni10Тi - copper (Cu1), steel (38Cr2Ni2МoА) - 
bronze (Al-Mn 9-2). 

4. It is shown that the use of reverse polarity current allows 
reducing general corrosion rate with respect to surfacing at 
straight polarity current of high-alloy steel up to 10%, and the 
use of bimetal allows reducing corrosion rate to 50%. 

5. It is experimentally confirmed that wear resistance of 
welded working surface is not inferior to wear resistance of 
bronze in the initial state.  
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