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Abstract: This study explores the metal of a coating deposited by a high-chromium flux-cored wire alloyed with a BN-TiB2-ZrB2 complex. 

We investigated the changes in the durometric properties and fine structure of the coating after tempering and subsequent quenching. It is 

shown that the hardening of the metal of such a coating after quenching consists in the formation of a complex composite structure with an 

iron-chromium martensitic matrix, a large amount of eutectic and particles of hardening complexes, which leads to an increase in hardness 

and wear resistance. It has been established that phase transformations in the metal of such a coating are caused by the formation of an 

eutectic component based on chromium and iron borides, a framework structure and a large number of dispersed titanium nitride particles 

up to 2.5 μm in size. 
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1. Introduction 
Different methods of coating application are important for 

increasing the group of characteristics of parts of machine-building 

production, determining their service life and reliability in 

operation. One of such methods of coating application, widely used 

at present, is the surfacing of working surfaces of parts with flux-

cored wires. 

Thus, for the surfacing of parts for various purposes in 

petrochemical production widely used flux-cored wires containing 

from 13 up to 25% chromium [1]. Using them makes it possible to 

obtain coatings with high corrosion resistance. However, such 

coatings have low abrasion resistance when working in friction 

conditions. At the same time, the introduction of various alloying 

elements into the flux-cored wires makes it possible to increase the 

hardness and wear resistance of the deposited coatings.  

It is common knowledge that high and stable mechanical and 

operational properties of steels can be obtained by combining solid-

solution hardening and hardening by second-phase particles 

(carbides, nitrides, borides, intermetallics) in an iron-based matrix. 

One of such effective methods of hardening the metal is alloying it 

with boron [2-4]. To achieve this, boron compounds such as 

ferroboron, boron carbide, chromium diboride, titanium diboride 

should be used when surfacing. Previous studies made by authors 

have established a positive effect of titanium and zirconium 

diborides on the wear resistance of chromium-nickel martensitic-

aging steels surfaced with flux-cored wires [5-7].  

A wide application for alloying austenitic and austenitic-ferritic 

corrosion-resistant steels has found nitrogen [8-10]. Nitrogen 

improves the ability of deformation hardening, significantly 

increases the wear resistance of steel and its ability to resist the 

spread of cracks. Nitrogen has also found application for alloying 

steels with a martensitic structure. Such a steel is stronger than the 

steel with carbon and it has a higher wear resistance values than, for 

example, the well-known Hadfield steel [8]. It should be noted that 

nitrogen is usually introduced into the melt by the use of nitrided 

chromium or ferrochrome. 

The use of boron nitride for these purposes, which is an electronic 

carbon analogue due to the similarity of a number of properties, is 

also of great interest [11]. 

The authors have shown the perspective of surfacing with a flux-

cored wire doped with a BN-TiB2-ZrB2 complex [7]. However, the 

carried out researches refer only to the metal coatings in the state 

after surfacing. At the same time, the hardness of such coatings is 

quite high, which makes it difficult to machine them. Therefore, it is 

required to conduct the tempering of the deposited metal, and then, 

after mechanical treatment, its quenching. 

The hardening processes of this coating and its final properties have 

not been studied. 

Thus, the aim of the work is to explore the changes in the 

durometric properties and fine structure of such a coating after 

tempering and subsequent hardening. 

 

2. Objects and methods of research 
As the research object we chose the metal obtained by surfacing 

with a flux-cored wire containing 15% Cr, 0.5% BN, 1.25% TiB2, 

0.5% ZrB2. The metal was studied after thermal treatment under the 

conditions established earlier: tempering at 800 °С for 2 hours and 

quenching at 1020 °С.  

Surfacing was carried out on plates of St3 steel with a size of 

200×50×10 mm with an experimental flux-cored wire of 2.4 mm 

diameter in argon in three layers. Surfacing mode: current strength 

230 A; voltage 24 V; the rate of surfacing is 20 m / hr. 

Metallographic studies of the deposited metal were carried out on 

an optical microscope АXIO Observer A1m (Carl Zeiss). The 

microstructure was detected by chemical etching in a reagent of the 

following composition: CuSO4 – 4 g; HCl – 20 ml; H2O – 20 ml.  

Durometric studies were carried out on metal samples after 

surfacing and thermal treatment with a hardness tester ТК-2 by the 

method of Rockwell and microhardness tester Shimadzu HMV-2 

by the Vickers method.  

Electron microscopy examination was carried out with a raster-type 

electron microscope JEOL JSM-6610-LV with add-on device Inca-

350 of energy-dispersive analysis (EDA). 

Investigations of the fine structure of the metal were carried out on 

foils using a transmission electron microscope EMV-100L at an 

accelerating voltage of 100 kV. 

 

3. Results of the experiments and discussion 
The metal of the coating obtained with a flux-cored wire having 

0,5% BN, 1,25% TiB2, 0,5% ZrB2 in the state after surfacing has a 

hardness of 52-57 HRC starting from the second layer. The 

microhardness of the structural components of such a metal is 617-

648 HV for the matrix, 764-847 HV for the eutectic and 1128-1247 

HV for the strengthening phases [7]. 

It has been established that the microhardness of the structural 

components of such a surfaced metal after tempering of the coating 

under investigation has changed significantly (Fig. 1, Tab. 1). 
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Figure 1. The microstructure of the coating metal and the 

measurement ranges of the structural constituents of the metal with 

borides after tempering 

 
Table 1. Microhardness HV 0,01* and HV 0,05 of structural 

components of the metal with borides after tempering 

Puncture № HV 

1 357 

2 608 

3 629 

4* 783 

5 386 

6 366 

7 603 

8 408 

9* 593 

10 371 

11 384 

12 675 

 

As it can be seen, the microhardness of the structural constituents of 

the metal with borides after tempering has significantly decreased to 

357-408 HV for the matrix, to 593-629 HV for the eutectics and to 

675-783 HV for the strengthening phases. 

After quenching, the deposited coating metal has a complex 

composite structure with a martensitic matrix, a large amount of 

eutectic and reinforcing phase particles. The hardness of such a 

metal reaches a maximum value of 54 HRC (Tab. 2). 

 

Table 2. Hardness distribution over the cross-section of the coating 

metal with borides after quenching 

Basic 

metal 

Fusion 

zone 

Hardness distribution over deposited metal 

layers, HRC 

1 2 3 4 

10 16,5 52 54 53 51 

9 15,5 51 53 54 52 
 

Dyurometric studies showed significant differences in the 

microhardness of the structural constituents of the coating metal 

after quenching (Fig. 2, Tab. 3). 

 

 
Figure 2. The measurement ranges and the microhardness values of the 

structural constituents of the metal with borides after quenching 

Table 3. Microhardness HV 0,01* and HV 0,05 of structural 

components of the metal with borides after quenching 

Puncture № HV 

1* 1015 

2* 558 

3 617 

4 636 

5 756 

6 688 

7 612 

8* 1045 

9* 882 

10 656 

11 624 

12 841 

 

 

The microhardness of the structural constituents of the metal 

deposited by the flux-cored wire with borides has increased 

significantly after quenching to 558-688 HV for the matrix, 756-882 

HV for the eutectic and 1015-1045 HV for the hardening phases. 

Electron microscopic studies of the structure make it possible to 

establish the laws of hardening of such a metal after its quenching. 

The results of transmission electron microscopy of the fine structure 

of the metal after quenching are shown in Fig. 3. Such a metal is a 

supersaturated α-solid solution with a developed and closed 

eutectic. Its structure characterizes by a large number, a special 

morphology and chemical composition of the eutectic and 

intermediate phases. In addition to the martensitic matrix, eutectics 

and strengthening phases take place. At high magnifications, the σ 

phase is detected (Fig. 3, b). 

 

 
(a) 

 
(b) 

Figure 3. The microstructure of the coating metal deposited by the 

flux-cored wire with borides after quenching obtained by TEM:  

(a) fine structure (х 18000); (b) microdiffraction 

 

The results of scanning electron microscopy of the metal with 

borides are shown in fig. 4. 
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a) 

  

 

 

 
b) 

Figure 4. Scanning electron microscopy of the metal with borides: 

a) image of the microstructure with the scanning areas location; 

b) distribution of elements along the scan line 

 

From energy dispersive analysis data reflecting the quantitative 

distribution of elements along the cut of a straight line in the form 

of concentration spectrograms (Fig. 4, b) and spectra of the local 

point analysis (Table. 4) follows that the metal structure of 

represents the iron-chromium martensitic matrix with an eutectic 

component, formed on the basis of boride (Fе, Cr)2B having a 

skeletal character. 

 

Table 4. Chemical composition of coatings deposited with flux 

cored wire with borides 

S
p

ec
tr

u
m

 

B,% N, % C, % Cr, % Fe, % Ti, % Zr, % 

1 18.55 0 13.22 17.26 50.97 0 0 

2 0 0 17.55 12.21 70.24 0 0 

3 0 14.65 18.39 8.86 36.24 18.59 3.27 

4 16.08 0 11.81 18.51 53.60 0 0 

5 0 13.18 15.45 6.35 49.82 14.56 0.64 
 

This boride eutectic is characterized by 900-1050 HV micro-

hardness and a large number of dispersed carbonitrides inclusions 

of the type (Fe, Ti, Cr, Zr)CN from 0.5 µm to 2.5 µm.  

The research has shown that adding the high chromium flux-cored 

wire of the boron nitride, titanium diboride and zirconium diboride 

allows getting a new deposited composite metal. This metal has 

high hardness, which is due to the complex hardening owing to the 

formation of martensite in the carbonitride and carboborite phases 

matrix. In addition, carboboride eutectic located in the frame 

between the martensite crystals appears in the deposited metal 

structure, takes some load of the contact interaction and spreads it 

out on large surface area. This increases the tearing resistance of the 

deposited metal operating under abrasion conditions. However, 

zirconium and titanium form fine dispersed hardly soluble high 

strength nitrides that increase the wear resistance of the deposited 

metal, increasing viscosity and reducing fragility. 

 

4. Conclusion 

The hardening of the metal of corrosion-resistant coatings deposited 

with a flux-cored wire alloyed with the BN-TiB2-ZrB2 complex 

after quenching consists in the formation of a complex composite 

structure with an iron-chromium martensitic matrix, a large amount 

of eutectic and particles of hardening complexes, which leads to an 

increase in hardness and wear resistance.  

Phase transformations in the metal of such a coating are caused by 

the formation of an eutectic component based on chromium and 

iron borides, a framework structure and a large number of dispersed 

titanium nitride particles up to 2.5 μm in size. 

The obtained results can be recommended for developing the 

technology for surfacing corrosion-resistant coatings on parts of 

petrochemical production. 
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