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Abstract. Result of investigations of resistance against corrosion and mechanical resistance of 
obtained by means of arc-spray metallization (with the use of cored wires) coatings are presented. 
The cored wires (CWs) enable us to regulate the chemical composition and, consequently, properties 
of the deposited coating in a wide range. With this, the characteristic feature is its high structural 
heterogeneity, which is caused by rapidness of the processes of melting of components of the CW in 
the arc; this promotes incompleteness of dissolving of change materials in the melt of the metallic 
shell, and thus, there forms of heterogeneous as to its chemical components melt. The determination 
of the first-type residual stresses in coatings was conducted according to the developed for bimetal 
rings technique. The tensile strength (cohesion) of ASC was determined with the use of an 
experimental set-up which consisted of two pipes. 

Electrochemical investigations were conducted in an electrochemical cell in potentiodynamic 
regime with the use of hard-ware-software complex which was designed for automation of 
investigations with the help of CBЛ-1Б-М voltamperometric system. The rate of corrosion was 
determined by means of extrapolation of linear segments of polarization curves to the potential of 
corrosion or on the basis of segments which corresponded to passive state. 

In order to develop experimental sets of CWs, there additionally were investigated some 
materials with different charge components (chromium, ferro-chromium, boron carbide, ferro-
chromium-boron, ferro-silicium, ferro-manganise, self-fluxing alloy) (Table 1). 

High hardness is characteristic of coatings made from CWs. Such a high hardness is due to 
3 % of boron in the coating. However, the cohesive strength of such coating is low and does not 
exceed 100 MPa. This is caused by high tensile residual first-type stresses, which can lead to 
emergence of crack during machining. In order to reduce the level of residual stresses, it is necessary 
to preliminarily heat machine parts to 150–2000 °C. 

Electrochemical parameters and the character of polarization curves, despite some changes in 
chemical composition of coatings, do not essentially differ. With this, the potential of corrosion 
shifts towards the segment of negative values, and the corrosion current of such coatings are within 
one decimal order of their values. Open porosity, that is an important factor, which influences the 
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corrosion behaviour of the material and its matrix is a characteristic feature of all the coatings. The 
corrosive medium, because of the presence of porosity, penetrates through such pores down to the 
matrix and creates conditions for proceeding of under-coating corrosion. In this case, products of 
corrosion accumulate at the coating – matrix interface, and they cause the separation of the coating 
from the basis (phenomena of ply-separation). 

The presence of chromium, ferro-chromium, ferro-silicon, and ferro-manganese in the charge for 
CW 90Cr17BMnSi leads to minimal chemical heterogeneity of the coating, and consequently to high 
corrosion resistance of the coating. The presence of ferro-chromium-boron, chromium, and self-fluxing 
alloying composition in the charge for CW 20Cr16B3Ni2SiAl ensures high content of chromium in the 
coating, low coefficient of microheterogeneity, and high resistance against corrosion. 

Keywords: arc-sprayed coatings, cored powders, corrosion, metallization, residual stresses, 
electrochemical parameters, porosity. 

Introduction and problem statement 
The arc-sprayed metallization (ASM) is the cheapest  and the most widespread method of deposition 

of gas-thermal wear resistant coatings; this method ensures high rate of the deposition of coatings [1]. The 
application of CWs as electrode materials enables us to expand the sphere of application of such coatings, 
to increase their hardness, wear resistance, thermal resistance and resistance against corrosion [2–7]. 
However, nowadays the relation between the chemical composition of the CW and mechanical 
characteristic of coatings and the relation of chemical composition of the CW and the corrosion resistance 
under the conditions of long-term operation in a corrosive medium is investigated insufficiently. 

Analysis of modern information sources on the theme of the paper 
By means changing and varying components of the charge, it is possible to charge and vary the 

chemical composition of the CW in wide ranges; and thus, it is possible to obtain coatings of different 
operational properties [2, 4]. In order to obtain coatings with high operational characteristics, world’s 
leading researchers change not only the chemical composition of the charge, but the material of the shell of 
the CW as well (Al, Fe, Ni) [6-8]; besides, to reduce the porosity of coatings and to reduce the oxygen 
content in coatings, the chemical composition as well as parameters of the gas-spray. 

Aim and task of the investigation 
The aim and the task of the investigation is to study the effect of the charge content of the CW on 

the strength of arc-sprayed coatings and on their corrosion resistance in 3 % aqueous solution of NaCl. 

Test methods 
For arc-spraying of coatings, there were used CWs [9]. For their shells the strip of the 0,8nc low-

carbon steel was used. As chromium-containing components of the charge, low-cost ferro-alloys were used 
(Table 1). 

The process of supplying a specimen with ASC consist of the following operations: degreasing of its 
surface, peeing by corundum, arc-spay deposition of a coating and control of quality of the coating, and 
grinding of the specimen. Parameters of arc-spray deposition of coatings after shot-peening (treatment by 
corundum) of a specimen: current – 150 A, operating voltage – 32 V, distance from the nozzle to the 
surface of deposition – 150 mm, pressure of the compressed air – 0.65 MPa. 

Determination of the first-type residual stresses in the coatings was conducted according [10] to the 
developed for bimetal rings whose ratio of the radii of their central line to the radial thickness of the ring is 
not less than 10. In particular, the expression (1) is presented below, there for determination the stresses the 
module of elasticity of the steel substrate ring and that of the deposited lager are taken into account: 

σtg = (2⋅Е1/Dt
2)⋅[(0,5⋅(t2

2⋅c + t1
2+2⋅t1⋅t2⋅c)/(t2⋅c +t1) – (a + da)]⋅ΔD, (1) 

where D is the diameter of the ring; t1 is the thickness of the ring; t2 is the thickness of the deposited layer; 
t is the thickness of the ring together with the deposited ASC; c = E1/E2 (E1, E2 are modules of elasticity of 
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steel and of the deposited ACC, respectively); d is the distance from the surface of deposition of the 
coating to the investigated elementary layer; da is the thickness of the investigated elementary layer. 

Table 1 
Powder components for CWs making 

Content of the elements, % mass. Alloy 
Cr Fe Mn Ni Al Cu B Si C S P 

High-carbon ferrochromium 
(ГОСТ 4757-85) 65.0 – – – – – – 2.0 8.0 0.08 0.05 

Ferro-manganese 
(ГОСТ 4755-80) – – 85.0 – – – – 2.0 0.5 0.03 0.30 

Chromium metal 
(ГОСТ 5905-2004) 99 ≤0.5 – – ≤0.5 ≤0.02 – ≤0.2 ≤0.03 ≤0.02 ≤0.02 

Iron chrome boron ligature 
(ТУ 14-5-106-73) 42.4 30.1 – – 2.0 – 22.0 2.8 – – – 

Ferro-silicon 
(ГОСТ 1415-93) 0.4 – 0.4 – 2.0 – – 63-68 – 0.02 0.05 

ПГ10-Н-01 Ni self-flux  
(ТУ 48-19-383-84) 20.0 7.0 – base – – 4.2 4.5 1.0 – – 

 
The tensile strength (cohesion) of the ASC was determined in the specimen 1, which consists of the pipes 

tightened together by the pin 2, having used the protective washers 3; the spring 4; and the nut 5 (Fig. 1). On the 
lateral surface of an assembled in this way specimen, ASC was deposited along perimeter of the butt-joint of the 
mandrel was removed from the specimen, and the latter was being extended with recording the load at the 
instant of fracture of the coating at the place of the butt-joint of the two parts of the pipe. 

The experimental investigations were conducted in an electrochemical cell potentiodynamic mode 
with the use of soft-ware-hardware complex which is designed for automation of electrochemical 
investigations with the help of CBA-1B-M volt-amperometric system. The reference electrode was of 
silver chloride (EBL-1M1-type). The rate of change of potential amounted to 2 mV/s. 

 

 
Fig. 1. Schematic diagram of device for deposition  

of coating onto specimen for determining tensile cohesion of ASC 

The rate of corrosion was determined by means of extrapolation of linear segments of polarization 
curves to the corrosion potential. For electrochemical investigations, the working part of surface of the 
specimen was isolated by cylindrical cells whose area was 3.14 cm2. 
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Results of experiments 
In the course of development of CWs for arc-sprayed deposition of coatings for operation of latter’s 

under the conditions of abrasive wearing in corrosive media, it is necessary to use CWs of as small as 
possible diameter. However, it is not always possible, because it is necessary to ensure the necessary 
amount of chromium-containing, carbon-containing and boron-containing components of the charge for 
CWs obtaining. To archive the amount of chromium over 15 % in mass in a coating, it is necessary to use 
CWs whose diameters are of 1.8–2.2 mm. 

For arc-spray deposition of corrosion-resistant coating, experimental batches of charge materials in 
the form of CWs (Table 2) which promote formation of low-temperature melt able eutectics in charge 
materials, homogenize CW melts, and reduce microhomogenity of coatings. 

Table 2 
Mechanical characteristics of coatings obtained from CWs 

Coating Material of wire ∅, 
mm 

Filling 
factor 

First-type stresses in 
coating, MPa 

Cohesive 
strength, MPa 

Microhardness, 
HV 

1 60Cr15B2MgSi 2.2 22.8 23.6 140 560 
2 Si16 2.0 25 38.0 50 460 
3 Cr17B3SiAl 2.2 27 61.7 80 700 
4 90Cr17BMnSi 2.0 27 76.9 185 625 
5 75Cr19B3Si2 2.2 25 66.8 150 545 
6 11Cr14B3Si2Al 1.8 24 43.75 100 650 
7 20Cr16B3Ni2SiAl 1.8 27 41.9 100 690 

Mechanical characteristics of coatings deposited from CWs. The greatest hardness is possessed by 
coatings made of CW 20Cr16B3Ni2SiAl, CW Cr17B3SiAl and CW 11Cr14B3Si2Al materials. It is due to 
3 % of boron in the charge materials of these CWs that ensure high hardness of these coatings. Borum is 
introduced into the charge of these CWs in the form of FHB-2 ferrochlorine-bromium. In the ferrite 
structure of such coatings (according to data of phase analysis), there are fine-disperse inclusions of FeCrB 
and FeCr2B borides. However, the cohesive strength of such coatings does not exceeded 100 MPa. This is 
caused by the fact that in the course of coatings deposition there emerge first-type tensile stresses in their 
structures; because during crystallization and cooling of droplets (lamels) on the surface of substrate the 
coating decreases in its size. This causes emergence of first-type tangential stresses. Such stresses can 
cause the emergence of cracks during the machining which follows. For responsible machine parts, it is 
necessary to ensure their heating up to 150–200 °C prior to deposition of coatings from these wires onto 
their surfaces. 

Admixing of boron carbide, as a boron-containing component, does not ensure sufficiently high 
hardness of these coatings. It is obvious that in this case boron carbide does not completely dissolve in the 
CW melt, from which the coating forms. A considerable fraction of boron carbide is blown out of the 
charge material during deposition of coatings. 

Somewhat less hardness is possessed by coatings made of CW 90Cr17BMnSi material. Such 
hardness is ensured by the martensite matrix of the coating, the matrix is strengthened by fine-dispersion 
inclusions of FeCr2B borides. The coatings made from such CWs are of essentially higher cohesive 
strength stresses. Since the coefficient of thermal exposition of martensite is the least one, and that of 
austenite is the greatest one, it is emergence of only inconsiderable tensile stresses that takes place in the 
coating during formation of matrix phase of martensite. Such coatings are easily machining more rigid 
regimes can be applied. 

Corrosion resistance of coatings made from the interested CWs. Because of peculiarities of the 
process of arc-spray deposition from CWs, there form coatings of high chemical heterogeneity (Table 3). 
Since under high electrochemical microheterogeneity of surface the development of localized corrosion 
processes is possible, and these processes promote corrosion-mechanical destruction of steel; in order to 
archive improved resistance against corrosion it is necessarily to ensure low chemical heterogeneity. To 
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quantify this chemical microheterogeneity (CMH), a new parameter, namely the microheterogeneity 
coefficient KCMH, is introduced: 

1
/

n
CMH evr i evr

i
K c c n c

=

 
= − ×   

∑ , 

where KCMH characterizes the deviation of component’s content measured in individual lamella ci from its 
average content in the coating cevr by the number of measures n. 

This can be achieved by means of introduction of components which form easily melt able eutectics 
between themselves and between the CW (ПГ-10H-01, Fe-Mn, Fe-Si) shell into the charge for CWs. 

Table 3 
Microheterogeneity of coatings made from investigated CWs 

CW 60Cr15B2MnSi 
Content of Cr in a lamele of coating, mass. % 17 14 13.5 13.9 13.7 14 13.7 13.7 
Content of Si in a lamele of coating, mass. % 3.5 4.4 4.1 4.4 4.2 4.3 4.3 4.5 
Deviation of chromium concentration from its mean value 
over all the lameles 2.8 -0.2 -0.7 -0.3 0.5 -0.2 -0.5 -0.5 

Crevr= 14.5              KCMH = 0.05    
 

CW 90Cr17BMnSi 
Content of Cr in a lamele of coating, mass. % 17.6 16.3 19.2 18.8 17 16.3 17 17.1 
Content of Si in a lamele of coating, mass. % 1.2 1.2 1.6 1.4 1.1 0.9 1.4 1.2 
Deviation of chromium concentration from its mean value 
over all the lameles 0.2 -0.9 1.8 1.4 -0.4 1.1 0.4 0.3 

Crevr= 17.4              KCMH = 0.05 
 

CW Cr17B3SiAl 
Content of Cr in a lamele of coating, mass. % 15.2 21.1 14 18.4 19.6 19.3 15 14.6 
Content of Si in a lamele of coating, mass. % 1.7 1.8 1.0 1.2 1.6 2.1 2 1.6 
Deviation of chromium concentration from its mean 
value over all the lameles -0.19 4.0 -2.1 1.3 2.5 2.2 -2.1 -2.5 

Crevr= 17.1             KCMH = 0.15 
 

CW 75Cr19B3Si2 
Content of Cr in a lamele of coating, mass. % 23 15.5 15.6 18.5 18.3 19.1 20 
Content of Si in a lamele of coating, mass. % 1.4 1.2 1.4 1.5 1.3 1.9 2 
Deviation of chromium concentration from its mean value over all 
the lameles 4.4 -3.1 -3.0 -0.1 -0.3 0.6 1.4 

Crevr= 18.6              KCMH = 0.1 
 

CW 11Cr14B3Si2Al 
Content of Cr in a lamele of coating, mass. % 18.3 11.3 21.6 14.3 10.3 15.4 10.6 10.7 11.5 

Content of Si in a lamele of coating, mass. % 2.6 1.8 3.8 2.4 1.5 2.4 1.9 2.2 2.4 
Deviation of chromium concentration from its 
mean value over all the lameles 4.2 -2.8 7.5 0.2 -4.1 1.3 -4.1 -3.4 -2.6 

Crevr= 14.1              KCMH = 0.24 
 

CW 20Cr16B3Ni2SiAl 

Content of Cr in a lamele of coating, mass. % 17.2 15.5 18.1 13.3 16.3 17.2 17.1 16.3 
Content of Si in a lamele of coating, mass. % 0.7 0.5 0.5 0.6 0.5 0.6 0.6 0.5 
Content of Ni in a lamele of coating, mass. % 2.0 2.2 1.8 2.2 2.2 2.3 1.4 2.3 
Deviation of chromium concentration from its mean 
value over all the lameles 0.8 -0.9 1.7 -3.1 -0.1 0.8 0.7 -0.1 

Crevr= 16.4             KCMH = 0.06   
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The least coefficient of microheterogeneity is a feature of CWs 90CrBMnSi (KCMH=0.05) and CWs 
20Cr16B3Ni2SiAl (KCMH = 0.06). 

From potentiodynamic investigations, the behaviour of ASCs obtained from CWs of different 
composition of their charge materials has been recognized in 3 % NaCl solution (Figs. 2–3). 
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Fig. 2. Potentiodynamic curves of ASCs deposited from wires of different composition (table 4) in different duration 
of exposing them in 3 % NaCl solution medium: a – 1 hour, b – 1 day, c – 3 days, d – 7 days 

The electrochemical parameters and the character of the polarization curves, despite some 
charges in chemical composition of coatings, do not differ greatly. The corrosion potential shifts 
towards negative values with time, but currents of corrosion of such coatings charge within one 
decimal order. 

Open porosity is characteristic of all ASCs; such porosity is an important factor which influences 
the corrosion properties both of the coating and the substrate. The corrosive medium penetrates through 
pores up to the substrate and causes corrosion between the coating and the substrate. In this case, the 
products of corrosion increase in volume, and thus, initiate ply separating, i.e. the coating is separated 
from the substrate. 

It is found that with the increase in the duration of the exposing to 7 days the corrosion potential of 
coated steel shifts towards to negative values by 0.3–0.4 V. Such a shifts of potential by 0.3–0.4 V is 
caused by the presence such alloying elements as Al, and Mn in lameles of the coating. These chemical 
elements are anode inclusions relatively to the steel substrate, which serves a cathode there. 
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It is also found that in the first stage the electrochemical corrosion is controlled by cathode process 
(bc > ba). The cathode restoration of the oxidant is the limiting stage of the process (Fig. 2, а). And on the 
contrary, the electrochemical corrosion proceeds with anode control (ba > bc) after the increase in duration 
of exposing the coatings in 3 % NaCl solution; the limiting stage of the corrosion process is the reaction of 
anodic oxidation of metal (Fig. 2, b–d). 
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Fig. 3. Corrosion currents of coatings depending  

on duration of coatings in 3 % NaCl solution 

With the increase in the duration up to 2 days of exposition, the currents of corrosion decrease; for 
the wires (4) and (5), the currents increase, and for the rest of them the corrosion current stabilizes at rather 
considerable low level. The cause of high corrosion currents for the wires (5) and (6) is their high porosity, 
which causes penetration of corrosive medium up to the substrate, this causes corrosion between the 
coating and the substrate (Fig. 4, Fig. 5). For the wire (6), the high values of corrosion current is caused by 
formation of chromium-containing borides, due to which in the solid solution the amount by chromium 
decreases below the critical level (11 %). 

To prevent penetration of corrosive working medium through pores inside the coating (down to the 
very substrate, there was suggested previous soaking the coating with I-20 mineral oil, with Castrol 
magnetic 10W40 synthetic motor oil or with 3 % aqueous solution of Hydroway 1060 emulsol; these 
substances are used as working fluids in hydrocylinders of different purposes. 

The initial electrode potential of coating in the “acid rain” medium amount to -250 µV. In the course 
of exposition of the specimen up to 75 hours (Fig. 6), its corrosion potential decreases from -250 to  
-450 µV, and its value reaches that of the steel substrate; and this means that the corrosive medium has 
penetrated down the very substrate. 

The soaking with I-20 motor oil leads to insufficient shift of potential towards positive value, i.e.  
to -400 µV; and this means that the medium penetrates down to the very substrate also in this case. 

The soaking of the coating with 10W40 oil or with “Hydroway 1060” emulsol effectively shifts 
electrode potential towards its positive values. This causes the decrease in corrosion currents by three 
decimal orders. It is obvious that this oil and emulsol do not prevent penetration of the corrosive medium 
inside the coating and to the steel substrate alone, but also effectively inhibited the coating and the 
substrate. 
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Сorrosive damage 

 
Fig. 4. Corrosion at substrate ASC interface 

 
 

 
 

Corrosive medium 

Coating 

Substrate 

Ply separation of coating Bottom of pore 
 

Fig. 5. Scheme of processes that occur in a pore 

 
Fig. 6. Variation of electrode potential E  

of coating from CW Cr17B3SiAl depending 
on duration of exposition in “acid rain” medium  

in different soaking fluids 
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Conclusions 
1. To deposit corrosion resistant arc-sprayed coatings, it is necessary that the charge materials and 

the shells of cored wires form low-temperature meltable eutectics between them. 
2. To ensure both high wear resistance and high corrosion resistance, it is necessary that the coating 

contain more than 14 % of Cr. Therefore, the charge materials must contain pure chromium, high-carbon 
ferrochromium, ferrochromium-boron, ferrosilicon and ferromanganese. 

3. The previous soaking of coatings with 10W40 motor oil or with 3 % “Hydroway 1060” prevents 
penetration of the corrosive medium into the pores of the coatings; and such a soaking reduces the density 
of corrosion currents from 10-3 to 10-6 µA/cm2 in neutral water medium; in slightly acidic equate 
environment from 10-3 to 10-4. 
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