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Abstract 
 

SHS extruded TiB / 30 wt.% Ti-layered long rods with a length of more than 100 mm and a diameter of 3 mm were made 
by electric arc surfacing on a titanium substrate in an argon atmosphere. Technological modes of coating deposition (electric 
arc current, arc speed, argon flow intensity, etc.) have been worked out by the method of electric arc surfacing. The structure 
and phase composition of the initial surfacing electrode and coating are investigated. It is shown that the deposited coating has 
a layered structure, its microstructure is represented by titanium diboride and monoboride in a matrix consisting of a solid 
boron in titanium solution. It was found that the structure and phase composition of the coating are predominantly identical to 
the structure and phase composition of the used SHS electrodes. The microhardness of the deposited electrode and coating was 
1024 and 1420 HV, respectively. 
 
Keywords  
 

Titanium boride; protective coatings; metal-matrix composite; microstructure; SHS extrusion; electric arc surfacing. 
 

© A.O. Zhidovich, A.M. Stolin, P.M. Bazhin, A.S. Konstantinov, A.P. Chizhikov, 2020 
 

 
Introduction 

 
Making protective coatings by the method of 

electric arc surfacing (EAS) on the working surfaces of 
parts and mechanisms operating under conditions of 
intense wear is an effective method of their service life 
increasing. Surfacing, as a method of protecting parts 
and tools operating under conditions of abrasive, 
shock-abrasive wear, has been used for a long time and 
has become widespread. The EAS method makes it 
possible to obtain wear-resistant coatings and has a 
high productivity. The mass of the metal applied to the 
part during the surfacing process is usually small and 
amounts to 2–6 % of the mass of the part itself, which 
determines the high surfacing efficiency. As a result of 
EAS, it is possible to form a coating with a strong bond 
with the substrate and the absence of porosity [1–4]. 

Traditionally, stellites, sormite and many other 
materials are used for surfacing electrodes, which are 
significantly inferior in properties to hard alloys. Also 
used are flux-cored electrodes and wires filled with 
charge of various compositions. Such electrodes have 
significant disadvantages in comparison with compact 

ones: complexity in manufacturing, high specific 
energy required for surfacing, inconvenience in 
operation. To obtain these electrodes, powder 
metallurgy techniques are used: pressing and vacuum 
sintering or hot pressing. These technologies involve  
a large number of operations, many of which are 
complex, energy intensive and time consuming. After 
using their technological functions, plasticizing 
substances are not completely removed during sintering 
and affect the physical and mechanical properties of 
electrode materials. As a rule, not all deposited 
materials have the required level of physical and 
mechanical properties. 

In recent years, the development of high-
performance and cheap methods of obtaining coatings 
on the surface of tools and technological equipment 
based on metal-matrix composites (MMC) based on 
titanium alloys has been underway. One of the most 
promising hardeners is titanium monoboride, which has 
a high Young’s modulus, high strength, and a close 
value of the coefficient of thermal expansion. Titanium 
monoboride is chemically inert with respect to the 
matrix of the metal binder [5–7]. In turn, titanium 
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diboride is characterized by high hardness, wear 
resistance, heat resistance and heat resistance. Thus, 
materials with a complex structure of monoboride, 
diboride, and a metal bond, in various mass ratios, are 
used as hard heat-resistant and wear-resistant coatings 
for products for various purposes. Such composites 
combine the ductility and toughness of a titanium 
matrix with high strength, hardness, rigidity, and heat 
resistance. Today, there is a constant increase in the 
share of ceramic alloys and composite materials based 
on titanium borides in rocketry, aircraft structures, the 
automotive industry, as biological implants, and also as 
hard heat-resistant coatings for products for various 
purposes [8–11]. 

The problem of an industrial method of producing 
surfacing electrodes based on MMC has not been 
solved. The introduction of progressive methods of 
hardening parts and tools for various purposes by 
electric arc surfacing is hampered by the lack of a 
sufficient number of these electrodes. 

Promising methods for producing products from 
these materials include the energy-efficient and 
resource-saving SHS extrusion method for the direct 
production of long-length products in one technological 
stage as a result of a combination of combustion 
processes and high-temperature shear deformation of 
synthesis products, namely SHS extrusion [12].  
This method avoids the need for external heating and 
long holding by using the internal energy of the 
reacting system released during the chemical reaction. 
Since SHS is characterized by high reaction 
temperatures (over 2000 °C) [13], the synthesized 
products are in a plastic state. The main advantages of 
the SHS extrusion method are the simplicity of the 
manufacture of electrodes and the high content of the 
wear-resistant component in them, the proportion of 
which can reach 80 mass. %. This method makes it 
possible to obtain long compact products with a 
residual porosity of no more than 5 % in one 
technological stage in tens of seconds. The mechanisms 
of phase and structure formation in electrodes obtained 
under SHS-extrusion conditions and in surfacing 
coatings deposited by these electrodes poses new 
problems in the field of theory and practice of this 
direction of research, which is important for practical 
application. 

The purpose of this work is to obtain protective 
coatings by electric arc surfacing of SHS electrodes 
based on titanium borides in an inert argon atmosphere; 
study of the phase composition, structure and properties 
of SHS electrodes and surfacing coatings obtained by 
these electrodes. 

Experimental technique 
 

Electric arc surfacing of composite coatings was 
carried out in an inert atmosphere of argon at an arc 
current of 80 A. To create an arc, a non-consumable 
tungsten electrode was used, as an additive – SHS 
electrodes based on titanium boride of the composition 
TiB-30 wt. % Ti with a diameter of 3 mm. A VT1-0 
plate 2 mm thick served as a substrate. 

In order to obtain SHS electrodes, titanium and 
boron powders were mixed in an equimolar ratio to 
form titanium monoboride by the chemical reaction  
Ti + B → TiB with the addition of 30 % Ti as a binder. 
The presence of the titanium binder provided the 
required level of plasticity of the material for its 
extrusion after the reaction of titanium monoboride 
synthesis. The resulting powder mixture was subjected 
to pressing and subsequent SHS extrusion. 

A detailed analysis of the structure of the cross-
section of the SHS electrode and surfacing coatings 
was carried out by scanning electron microscopy 
(SEM) on an ultrahigh-resolution field emission 
scanning electron microscope Zeiss Ultra plus based on 
Ultra 55 (Germany). 

X-ray phase analysis (XRD) was carried out on an 
ARL X'TRA X-ray diffractometer (Thermo Fisher 
Scientific, Switzerland). To analyze the phase 
composition of the surfacing coating, powder samples 
were prepared. 

Microhardness was measured using a PMT-3 
microhardness meter. 

 
Results and discussion 

 
According to the results of the X-ray diffraction 

(XRD) (Fig. 1) and scanning electron microscopy 
(SEM) (Fig. 2), the structure of the filler SHS electrode 
is represented by solid inclusions of titanium 
monoboride TiB, uniformly distributed in the titanium 
matrix. Boride particles have a whisker morphology.  
The matrix is a solid solution of boron in titanium 
Ti[B]x. At the periphery (Fig. 2a), due to the stresses 
arising during extrusion of the material, they are 
located along the direction of extrusion; when 
approaching the center (Fig. 2b), their  
co-directionality decreases. Since the cooling of the 
core proceeds at a slower rate than at the edges, larger 
particles of titanium monoboride are observed in the 
center. The average size of the whiskers is 5–10 µm in 
length and 1–4 µm in width. 

Fig. 3 shows a transverse sectionphotograph of the 
deposited specimen. The thickness of the deposited 
layer is 2.5 mm. It should be noted that the fusion line 
is continuous at the boundary between the coating and 
the titanium substrate, which indicates a high adhesive 
strength. 
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Fig. 1. X-ray diffraction pattern of the SHS electrode 
 

 
 

Fig. 2. Transverse section microstructure of a SHS surfacing electrode based  
on titanium monoboride TiB at the periphery (a) and in the center (b) 

 

 
 

Fig. 3. Cross section and titanium distribution curve in the cross section of the deposited sample 

a) b)
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Fig. 4. X-ray diffraction pattern of the deposited coating 
 

The microstructure of the deposited coating is 
qualitatively similar to the microstructure of the used 
filler SHS electrodes. According to the XRD results 
(Fig. 4), it is represented by solid particles of titanium 
borides (TiB and TiB2) in the form of whiskers located 
in the Ti[B]x solid solution matrix. The growth of 
whiskers as a result of surfacing cooling occurs 
predominantly along the longitudinal axis of the 
specimen, which is associated with directed heat 
removal into the substrate, with the formation of a 
columnar structure. The maximum size of boride 
particles in the deposited layer reaches 500 μm in 
length. Titanium diboride presumably could appear in 
the coating as a result of enrichment of titanium 
monoboride with boron from a solid solution.  
The presence of free titanium in small proportions in 
the coating may be due to the fact that during surfacing 
a so-called weld pool is formed, in which the molten 
material of the surfacing electrode and the substrate 
material are continuously mixed until it solidifies.  
The titanium content in the deposited specimen changes 
over its cross section, which is also shown in Fig. 3, as 
it approaches the substrate, it constantly increases. 

The surfacing has a layered structure, it can be 
conditionally divided into zones (Fig. 3): zone 1 – near-
surface layer, zone 2, zone 3 – transitional diffusion 
layer. The structure of each zone is shown in Fig. 5. 

In the near-surface zone 1 with thickness of  
0.3 mm (Fig. 5a), a boron-enriched layer was formed, 
in which, in addition to titanium monoboride TiB (gray 
whiskers), titanium diboride TiB2 (black whiskers) was 
formed, which is also evidenced by the results of X-ray 
structural analysis (Fig. 4 ). The average size of the 
whiskers is 50–70 microns in length and 7–10 microns 
in thickness. 

 
 

Fig.  5. Coating microstructure of the near-surface  
zone 1 (a), zone 2 (b) and transition zone 3 (c) 

a) 

b) 

c) 
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The structure of zone 2 is identical to the structure 

of the electrode, however, the size of boride particles is 
much larger: the average length is 140 μm (Fig. 5b), 
and the average width is 10 μm. 

The formation of a transition zone 3 is due to the 
mutual diffusion of the molten electrode and substrate 
material, where elongated and thin TiB whiskers are 
formed during crystallization (Fig. 5c), which in turn 
can be the centers of crystallization of large titanium 
monoboride whiskers (500 μm) growing in zone 2 
towards surfacing layers. The thickness of the transition 
zone can be estimated to be approximately 0.5 mm.  
Its presence between the deposited composite layer and 
the substrate indicates high adhesion of the coating to 
the substrate. 

The microhardness of the deposited electrode and 
coating was 1024 and 1420 HV, respectively. 

 
Conclusions 

 

1. Technological modes (electric arc current, arc 
speed, argon flow intensity, etc.) have been worked out 
for the protective coatings application with electrodes 
obtained by SHS extrusion by the electric arc surfacing 
method in an argon atmosphere. 

2. It has been established that the coating structure 
has a pronounced layered character, where 3 zones can 
be distinguished: 

–  near-surface zone. A distinctive feature of this 
zone is the formation of titanium diboride TiB2 in the 
form of whiskers, along with whiskers of titanium 
monoboride TiB in a matrix that is boron solid solution 
in titanium and titanium. The surface layer of the 
coating has an increased hardness of 1420 HV while 
maintaining the adhesion strength with the underlying 
layers; 

–  second zone. The structure and phase 
composition of this zone are identical to the structure 
and phase composition of the used SHS electrode: 
titanium monoboride whiskers are uniformly 
distributed in the titanium matrix; 

–  transitional (third) zone. This zone is 
represented by a diffusion layer that differs in structure 
from zone 2 by the presence of fine boride particles. 

The average size of boride particles is: in zone 1 – 
length 50–70 µm and thickness 5–10 µm, in zone 2,  
the length increases to 140 µm, in zone 3 – fine 
particles, which makes it difficult to estimate their size 
at a given resolution of the obtained SEM images. 

3. The primary results obtained in this work give 
grounds to believe that the coatings deposited by EDN 
with composite ceramic SHS electrodes based on 
titanium boride can be promising for increasing the 
wear resistance of cutting and stamping tools, medical 
tools, parts of agricultural machinery operating  
in corrosive environments and at elevated temperatures. 

The study was supported by the Russian 
Foundation for Basic Research within the framework of 
scientific project No. 19-38-900  
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