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Abstract

An effective way to effectively change the characteristics of electric arc coatings made from crushed
materials can be achieved by creating high-quality surface balls in them due to the use of different methods.
chemical-thermal treatment. Research was carried out on the development and testing of the concept of molding
chemical dry coatings based on the combined process of electrode deposition with technological processing of
pulsed ion nitriding. It has been shown that duplex (combined) technology, which combines electric arc filing and
nitriding, allows one to obtain a significant effect on non-structural properties, increased hardness, heat transfer
and wear resistance of the part-coating system with a reduced degree of deformation of the part. An assessment
was made of the possibility of moving the electric arc coatings from martensitic steels (40X13, 95X18), ferrite
(Sv-08G2S) and austenitic (X18H10T, 12X18H10T) classes. further processing of nitriding.

Keywords: combined methods of applying wear-resistant coatings, electric arc spraying, chemical-thermal
treatment, nitriding, wear and corrosion resistance, strengthening protective coatings

Introduction

The use of coatings makes it possible to increase the wear and corrosion resistance of working surfaces of
machine parts and mechanisms, in particular ship parts, and so to reduce the costs of alloyed steels and alloys [1].

The coatings application is associated with implementation of a fundamentally new approach, according to
which the strength and carrying capacity of a part is provided by its basic material, whereas the resistance to
corrosion, wear, and other factors may be increased via using hardening protective coatings. There are many
alternative methods for producing coatings, from which it is advisable to choose an optimal, easy to implement,
and inexpensive one [2]. Of the variety of methods for hardening coating deposition, the most common
technologies used to restore and improve the performance properties of parts are gas-thermal spraying techniques
[2], among which the cheapest and simplest method is electric arc spraying (EAS), whose current improvement is
aimed at modifying and activating the spraying process [3]. A significant increase in the properties of EAS coatings
is possible through combining arc spraying with ultrasonic [3], electric-spark [2], laser [10-14], electron-beam [2],
and other processing techniques [2]. High wear resistance, hardness, and other surface properties of EAS coatings
from iron based alloys can be provided by methods of chemical heat treatment [2]. The use of a combination of
techniques for EAS and subsequent chemical heat treatment opens up great opportunities in creating composite
coatings with special properties. Methods for improving the quality of electric arc coatings via subsequent heat
treatment or modification are easily implemented in practice, in particular when part dimensions permit it. Such
combined technologies do not require additional expensive equipment and operations, which predetermines a
reduction in the cost of hardening processes.

Thus, an effective way to solve the problem of increasing the performance characteristics of EAS coatings
from wire materials may be the formation of high strength surface layers through the use of various methods for
chemical heat treatment. Combining coating with surface modification and treatment of produced coatings allows
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the development of new combined methods for surface engineering. Among a large number of techniques for
diffusional alloying of surface layers, nitriding methods are notable for high manufacturability, environmental
safety, and economic efficiency [20]. Therefore, for the subsequent modification of EAS steel coatings, pulse ion
nitriding (PIN) was chosen [15, 16].

The aim of the work was to develop a new combined method of surface engineering for the formation of
hardening protective coatings on the basis of combination of EAS followed by treatment with PIN.

Materials and procedures

For coating deposition, an apparatus for activated arc spraying ADN-10 was used. Coating materials were
0.8-2.8 mm diameter wire from steel of the martensitic (40Kh13, 95Kh18), ferritic (Sv-08G2S), and austenitic
(Kh18N10T, 12Kh18N10T) grades. A feature of martensitic and austenitic steels of is the ability to phase
transformations and structural changes during deposition and treatment of coatings. This allows improvement of
physic mechanical and performance properties of hardened surfaces and an increase in their wear and corrosion
resistances. The PIN process lasted 2 h in the temperature range 600 - 800 K.

Microstructure was examined on etched and unetched thin sections using a light microscope «MeF-3»
(Firm "Reichert", Austria) with magnifications x100, x200, and x500. The microhardness was measured on a
Micromet II microhardness meter with a load of 100 g from the coating surface edge to the base through the
transition zone. A quantitative stereological analysis of coating porosity was carried out on a certified automatic
image analyzer “Mini-Magiscan” (Firm “Joyce Loebl”, England) using the program “Genias 26”. The main stages
of the image analysis were: image calibration, image fixation, segmentation, and porosity. The study was
performed on a CamScan scanning electron microscope (Oxford Instruments, England) with an X-ray energy
dispersive analyzer. The morphology (topography) of the coating surface was examined in the regime of reflected
electrons at an accelerating voltage of 10-20 kV.

Research results and discussion
As a result of the research, an assessment was made for possibility to improve the quality of EAS coatings
by subsequent PIN. Data on microhardness are summarized in Table 1.
Table 1

The effect of PIN temperature on the microhardness of EAS coatings

Materi‘al Microhardness, GPa, at different temperatures of nitriding, K
of coating
600 620 650 670 700 720 770
Martensitic steel 8.6 11.3 12.9 14.0 15.9 12.7 11.3
Austenitic steel 5.6 6.2 8.0 8.9 11.1 12.0 11.8

The results of the study of structural parameters and phase composition of ion-modified coatings under
various conditions are presented in Tables 2 and 3.

Table 2
Structure parameters of EAS coatings from austenitic steels after PIN
Conditions of PIN | Thickness of layer, um Phase composition
N* 620 K 5-10 a-Fe, y-Fe, yn, Fe304, e-(Fe,Cr)sN
2 N*670 K 10-15 a-Fe, Fe30a, e-(Fe,Cr)sN, y'-FesN
EE] N* 720 K 15-20 a-Fe, Fe30q, e-(Fe,Cr)sN, y'-FesN, CrN
N* 770 K 25-30 a-Fe, Fes0a, v'-FesN, CtN
Table 3
Structure parameters of EAS coatings from austenitic steels after PIN
Conditions Thickness of layer, Phase composition
of PIN pum P
N* 620 K 3-5 a-Fe, y-Fe, Fe30u, 1,
2 N* 670 K 3-5 a-Fe, y-Fe, Fe304, 1'N,
o
< | N*720K 10-15 a-Fe, y-Fe, Fe;04, y'N, 7'-FesN, CrN
N*770 K 15 a-Fe, y-Fe, Fe30a, y'-FesN, CrN




Problems of Tribology 71

According to the data obtained, as the temperature of PIN increases, the modified layer depth increases as
well (up to 50 um). In addition, the microhardness of the layer significantly increases and, as the result of treatment
at 670...720 K, reaches the level of maximum values (14.0...15.9 GPA). The main phases present in the nitrogen-
modified layers on martensitic steel coatings are the nitrides € - (Fe, Cr); N and y'-FesN. After ion treatment at 720
and 770 K, a sharp decrease in the high-nitrogen e-nitride content and formation of CrN are recorded in nitrides
layers, while the layer microhardness decreases to 11,3...12.7 GPA. For the layers formed by PIN on EAS
coatings, a relatively high microhardness and a large depth of the dopant penetration are characteristic. In addition,
a distinctive feature of nitride layers on the electric arc coating is the presence of particles of the a"’- (Fe, Cr); N
phase in them along with a reduced content of the y'-Fe4N nitride phase and a relatively higher content of CrN.

The increased diffusion permeability of the coatings is caused by high concentration of defects (vacancies,
dislocations, pores) contained in them, which were formed under the conditions of very rapid crystallization of
molten drops in the course of EAS. At the same time, the presence of the thermodynamically stable chromium-
doped Fe3O4 oxide in the form of films, separating the sprayed particles, makes diffusion of nitrogen from the
upper layer of particles to the underlying layers difficult. The greatest depth of PIN is achieved in EAS coatings
with a reduced content of oxide films. PIN of EAS coatings from austenitic steel leads to the formation of modified
layers, 3...5 to 15...25 pm thick (Table 3). Therefore, the coatings were formed by activated electric arc spraying
(AEAS), providing a porosity of less than 7% (Fig. 1, b).

Area distribution

Table of classes ©
Color  Class Meaning Area,% .
[ ] 1 pores 10.29% ZEJ @
== 2 base 89.71% 5
[ — = the rest 0% 2
0

1 2 ?

Class
Histogram ot classes

Area distribution
Table of classes

L]

Color Class Meaning Area,%
|| 1 pores 6.21% 2 60
a3 2 base 93.79% 2 4
= - the rest 0% il 0
0

1 2 ?

Class
Histogram of classes

Fig. 1. Porosity distribution in coatings obtained by: (a) EAS and not recommended for treatment by PIN;
(b) AEAS and recommended for treatment by PIN

The studies showed (Table 4) that at a layer density of more than 94%, this effect does not arise.

Table 4
Results for topography of layer surfaces after PIN at 580 K
Method Material Porosity of layer, Surface
of spraying for spraying % microtopography
~ 10 Bulging
EAS .
Ferritic steels >8 Bulging
. ~6 smooth and unchanged
Activated EAS ~5 smooth and unchanged
EAS z> 10 Bu}g%ng
Martensitic steels =8 Bulging
. ~6 smooth and unchanged
Activated EAS =5 smooth and unchanged

The main reason for the relatively small depth of nitrogen saturation of electric arc coatings (15...30 um)
compared with that for cast steels is the presence of a large number of oxide films in the coating, which act as a
barrier to the PIN process. Oxides are inevitably formed both during the flight of molten particles and in the course
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of their crystallization on the surface of a part. For the same reason, it is almost impossible to strengthen coatings
with porosity over 6% without formation of defective areas, since their pore walls are covered with a thin layer of
iron oxides.

The formation of oxide films can be eliminated via spraying steel wires with the products of propane and
air combustion, that is, via using AEAS. The consumption of propane and air combustion products during AEAS
is 3040 m?/h. In the course of the subsequent heating up to the nitriding temperature, which is in the range of
530-640 K (depending on the steel grade), the process of hardening and release of gaseous products to vacuum
occur. It was established experimentally that the higher the nitriding temperature, the shorter the time interval
between the temperature of PIN hardening and the start of surface saturation with nitrogen (Fig. 2). The samples
after chemical heat treatment were cooled with the container to room temperature.
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Fig. 2. Dependence of the nitrided layer thickness on the time interval between heating up to PIN
temperature and the start of surface saturation with nitrogen for coatings from martensitic steels (1,2) and austenitic
steels (3,4) at: (1) 680 K; (2) 710 K; (3) 50 K; (4) 680 K

As a result of tribological tests (pressure 0.64 MPa, dry friction) of coatings after various PIN modes, it
was established that an increase in the PIN temperature for 40Kh13 steel coatings leads to a sharp increase in their
wear resistance. The coatings treated with nitrogen ions at 670-770 K (Fig. 3) have the highest wear resistance.
The wear rate of the counterbody (hardened steel 60G, HV = 78—80 GPa) slightly decreases during the EAS—PIN
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Fig. 3. The effect of PIN temperature on the wear rate under dry friction for coatings from martensitic steel
(1); austenitic steel. (2)

Nitriding of Kh18N10T steel coatings at 500—520 K, which results in the formation of a modified 3—5 um
thick gradient layer, was not accompanied by increase in the wear resistance of steel surface under conditions of
contact interaction without lubrication. At higher temperatures (670, 720 and 770 K), the wear resistance of
coatings increases markedly. The increased wear resistance of EAS coating nitrided at 770 K is due to its
significant depth and high microhardness.

It should be noted that a nitrogen-modified layer has an uneven thickness. The areas in the form of layers
are detected in the coating depth and at the boundary with the substrate. The revealed morphology of modified
interlayers in the depth of the deposited layers indicates a boundary mechanism of diffusion of interstitial atoms
in the coatings. The results of metallographic analysis also indicate the preservation of oxide films in a modified
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coating from steel 40Kh13. By changing the process temperature as well as the potential ratio of nitrogen, one can
control the depth of diffusion layer and its hardness. It was established (Fig. 4 c, d) that after nitriding of electric
arc coatings from steel 40Kh13, an anomalous structure is formed, which was not before observed in these systems.
It is a composite type structure consisting of a steel matrix and solid nitrides, the appearance of which is due to
intense diffusion along the boundaries of conglomerates of deformed wire particles. The microhardness of the
diffusion layers on coatings is higher than that of the similar layers on cast steel 40Kh13 and reaches 10 GPA.
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Fig. 4. Microstructure of sprayed coatings from the steels: (a, b) Sv-08G2S and (¢, d) 40Kh13

The results of microhardness measurements of EAS coatings conducted on a microhardness tester
“Micromet II” with a load of 100 g are presented in Fig. 5. Nitrogen saturation of the 40Kh13 steel coatings under
the chosen conditions leads to the formation of a modified 150200 pm thick surface layer (Fig. 4) with a
microhardness of 6.5...7.0 MPa (Fig. 5).
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Change in microhardness through the coating depth
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Fig. 5. The microhardness distribution in EAS coatings from steel 40Kh13: the initial state; (b) after PIN
treatment

The investigation for adhesion of EAS coatings showed that PIN can markedly increase the adhesion
strength (Table 5). This increase is characteristic for coatings having porosity in the range of 5-14%; the further
increase in porosity leads to decrease in adhesion.

The adhesion increase in the EAS coatings after PIN is due to the evolution of diffusion processes at the
coating -substrate boundary, the recovery of oxides on the substrate surface, and the relaxation of internal stresses
in the coating.

Table 5
The effect of porosity on the adhesion strength of EAS coatings (with no sublayer)
Material of coating Adhesion strength, MPa, at different porosity, %
<4 5-9 7-10 10-14 12-16 13-17
Sv-08G2S 38 49 61 53 40 36
40Kh13 37 43 55 47 43 35
40Kh13 41 55 67 63 50 39

The treatment of EAS coatings with PIN leads to a sharp increase in their wear resistance. Thus, the wear
rate of coatings from steel 40Kh13 under dry friction decreases from 350 down to 19 pm/km. At the stage of steady
friction, the wear rate of coatings after PIN treatment decreases to 5—6 pm/km. At the same time, the wear
resistance of the modified layer from steel 40Kh13 is 1.6 times higher than that of cast steel 45 in the thermally
hardened state (Fig. 6).
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Fig. 6. Dependence of the linear wear on the dry friction path for coatings from steel Sv-08G2S: m coating
Sv-08G2S + PIN; A cast steel 45 (quenching and tempering); ¢ coating Sv-08G2S (initial state)
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The findings of the surface topography examination for EAS coatings after PIN are presented in Fig. 7.
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Fig. 7. Surface topography of EAS coatings after PIN
Conclusions

This study was devoted to developing and testing techniques for formation of hardened protective coatings
on the basis of combination of EAS with subsequent PIN.

The possibility to improve the quality of EAS coatings from steels of martensitic (40Kh13, 95Kh18), ferritic
(Sv-08G2S), and austenitic (Kh18N10T, 12Kh18N10T) grades thanks to subsequent ion-nitriding treatment has
been evaluated.

The phase composition and microhardness of coatings obtained via spraying wires from ferritic, austenitic,
and martensitic steels have been investigated. As a result of experimental studies of the influence of modifying
effects of PIN on the physicomechanical properties of EAS steel coatings. It was established that in order to
increase the efficiency of the modification process, porosity of coatings should be not more than 7%, which allows
the formation of surface layers with a microhardness of 6.5 - 15.0 GPa and a thickness of 20-50 um.

It was shown that the EAS method combined with subsequent PIN allows the formation of coatings with
a surface layer with a hardness of 6.5 to 15.0 GPa and a thickness of 20 to 50 um.

The wear resistance of EAS coatings from 40Kh13 and Kh18N10T steels after PIN increases by eight times.
The amount of oxides in the coatings does not change after PIN treatment and favorably affects the performance
of the coatings under the conditions of dry friction in air.

Saturation with nitrogen of EAS coatings from wire steel 40Kh13 leads to the formation of a diffusion 40-
50 pm thick layer, the microhardness of which is 6.5 — 15 GPA. Herein the adhesion strength of the coatings
increases by 1.6 times, and wear resistance does by 15-20 times.

It was shown that a duplex technology, combining EAS and PIN, allows one to obtain a significant effect
concerning the bearing capacity, increase in hardness, adhesion strength, and wear resistance of the part-coating
system along with reducing the probability of the part deformation. Discrete-pulse energy input at PIN increases
the rates of heating and nitrogen diffusion by 2.5 times and shortens nitriding time by 2.6 times compared to the
classical chemical heat treatment. The PIN process does not provide a uniform heating of the whole part, but only
the surface layer of the required depth for hardening. PIN changes neither the shape and dimensions of the part,
nor the roughness of its surface, so it can be used as a finishing treatment. The cyclical nature of the heating process
makes it possible to reduce the power supply by 2.5 times.
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Jlomara O.B., JIonata B.M., Kaunncbka L.P., ConoBux A.€. JTocimKeHHS MOKIHBOCTI ITiABHIIEHHS
SIKOCTI €JIEKTPO/IyTrOBUX OKPHUTTIB LIJISIXOM 00pOOKH a30TyBaHHSIM

EdexruBHMM crioco00M BUpIIIEHHS 3aBJIaHb 1010 3MEHILIEHHS BUTPAT XapaKTEPHCTHK EJIEKTPOYTOBHX
MOKPHTTIB 13 APOTSIHUX MarepialliB MOXKe BUHUKHYTH YTBOPEHHS B HUX BHUCOKOMIIIHMX TIOBEPXHEBHX IIApiB 32
paxyHOK BUKOPHCTaHHS Pi3HUX METOJIB XiMIKO-TepMidHOi 00poOKu. by npoBeneHi AoCIiHKeHHS 3 PO3POOKOI0
Ta arpoOyBaHHAM KOHLEMNLIT ()OpMyBaHHS 3MIITHIOBAJIbHUX 3aXUCHUX MOKPHUTTIB HA OCHOBI MOEJHAHHS MTPOLIECY
€JICKTPOJIHOTO HAIWJICHHS 3 TEXHOJOTIYHOI0 0OpOOKOI0 IMITyJIbCHUM IOHHHM a30TyBaHHsM. [lokasaHo, 1o
JyIuleKcHa (KOMOIHOBaHa) TEXHOJIOTiS, IO IO€JHYE ENEKTPOJYroBe HANWICHHS Ta a30TyBaHHS, JO3BOJIUTH
OTpUMaTH 3HAa4YHUI eQeKT 3a HeCydolo 3JaTHICTIO, IiJBHIICHHS TBEPAOCTi, MIIHOCTI 3YEIUICHHS Ta
3HOCOCTIMKOCTI CHCTEMH JeTalb-TIOKPUTTS TP 3HWKEHHI HMOBipHOCTI nedopmanii nerani. Byma nposenena
OIliHKa MO>KITMBOCTI ITiIBHIIIEHHS SIKOCTi €IEKTPOAYTOBHX MOKPHUTTIB 3 MapTeHcuTHoro craneit (40X13, 95X18),
deputaoro (CB-08I2C) i aycrenitHoro (X18HI10T, 12X18HI0T) kmaciB mmisxoM NOAANbIoi 0OpOOKH
A30TyBaHHSIM.

KurouoBi cjioBa: koMOiHOBaHI METOM HAHECEHHS 3HOCOCTIMKHX MMOKPUTTIB, XiMiKO-TepMidHa 00poOKa,
€JIEKTPOJYTOBE HAIWICHHS, a30TyBaHHS,. 3HOCO- Ta KOPO3iiHY CTIHKICTb, 3MIIHIOIOUN 3aXHUCHI TOKPUTTS



