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INTRODUCTION

During selection of the restoration processes 
and development of modern repair technologies, 
plasma technologies attract significant interest of 
researchers. They have become widely accepted 
in medicine, power engineering, mechanical 
engineering, tool and textile production, instru-
ment making and other industries [1, 2]. These 
technologies allow strengthening the part work-
ing surfaces and restoring them after wear [3, 
4]. However, application of modern industrial 

plasma units, usually having the power from 30 
to 60 kW [5, 6] for coating deposition on prod-
ucts with wall thickness below 1–3 mm, is related 
to the risk of local overheating and deformation 
of both the parts and the coatings proper [7, 8]. 
Another technological feature of application of 
plasmatrons of such a power is a rather large di-
ameter of the spraying spot, being usually equal 
to 12–30 mm [9, 10]. When spraying small parts, 
narrow edges or paths (bands) it leads to signifi-
cant spraying material losses and the need for 
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performing an additional operation of mask ap-
plication on unsprayed areas [11, 12].

The E.O. Paton Electric Welding Institute de-
veloped a method of microplasma spraying of wire 
materials [13, 14]. This method is based on applica-
tion of a plasma jet, generated by a plasmatron of up 
to 2 kW power at currents of 20–50 А. Spray-
ing spot diameter is in the range of 1–5 mm. It 
allows deposition of narrow-path coatings, as 
well as restoring parts with worn narrow ribs 
without any significant loss of spraying material 
and without their overheating [15, 16]. Produced 
coatings have a wide functionality, making rel-
evant the application of such a method of their 
deposition [17, 18].

The main problems of microplasma spray-
ing of narrow-path coatings (both from powder 
and from wire materials) are formation of some 
internal porosity in them [19, 20] and the need 
for pre-treatment of the sprayed surface (for in-
stance, gas-abrasive) to increase the strength of 
adhesion to the substrate [21, 22]. Both these 
problems can be solved by laser remelting of the 
sprayed layers [23, 24]. Additional advantages of 
the laser process can be an increase in the density 
and corrosion resistance of the produced coatings 
[25, 26]. Works on laser remelting of the layers 
produced by powder spraying, are already quite 
well-known (for instance, [27, 28]). Researchers 
have established that in laser remelting of pre-
deposited (including sprayed) layers the action 
of surface tension forces in the melt pool results 
in metal drawing to the remelted bead axis, lead-
ing to significant undercuts between the remelted 
beads [29, 30]. One of the variants of elimination 
of this problem is spraying of single paths with 
subsequent formation of individual beads by laser 
remelting [31, 32]. This, however, may give rise 
to still another problem – sprayed coating delami-
nation caused by laser remelting [33].

In addition to solving the above-mentioned 
general problems of laser remelting of the sprayed 
layers (for instance, [34, 35]), it is of interest to 
study remelting of such layers, which have been 
produced exactly by wire microplasma spraying 
[36, 37]. The process of wire plasma spraying 
proper has certain advantages. For instance, due 
to a certain increase in the size of NiAl particles, 
deposited on the substrate from stainless steel 
304 and aluminium alloy 7075 by plasma spray-
ing with wire feed, the adhesion strength can be 
increased to 82.67 ± 3.96 MPa and 64.45 ± 2.84 
MPa, respectively [38]. One can anticipate that 

wire plasma spraying will allow eliminating the 
drawback of coating delamination during subse-
quent laser remelting [39, 40].

Investigation of laser remelting of the layers 
sprayed using Inconels is of special interest [41, 
42], as these alloys have a rather wide range of 
applications – from protection against corrosion 
to restoration of blades of gas turbine engines. In 
particular, interesting aspects of potential applica-
tion of the technology of microplasma spraying 
of Inconels and other corrosion-resistant alloys 
with subsequent laser remelting can be structural 
elements of nuclear reactor fittings [43], solar 
power stations [44], functional surfaces of prod-
ucts subject to erosion, corrosion and cavitation 
[45], surfaces operating under the conditions of 
light or periodic wear [46], etc. 

Thus, it is rational to apply laser remelting of 
the surface to increase the adhesion strength of 
the sprayed coating from Inconel type alloys to 
the substrate base metal. In order to eliminate the 
risk of sprayed coating delamination caused by 
laser remelting, it is rational to apply wire plasma 
spraying. Solving such a problem is related to de-
termination of a complex of parameters, in par-
ticular, establishing the regularities of heat input 
influence on structure formation in the layers dur-
ing spraying and subsequent remelting [47, 48].

PURPOSE, MATERIALS AND METHODS

The objective of the work was studying the 
technological capabilities of the processes of mi-
croplasma spraying of Inconel 82 alloy wires with 
further laser melting of the sprayed layers to pro-
duce narrow-path coatings at restoration of worn 
end faces of ribbed parts, applied in nuclear power 
engineering, aerospace and textile industry, etc.  To 
achieve this goal, the following tasks were solved:
	• selection of the parameters of the modes of 

microplasma wire spraying and further laser 
melting of sprayed layers of Inconel 82 alloy;

	• microplasma spraying of coatings from 
Inconel 82 wire;

	• laser melting of the deposited microplasma 
coatings from Inconel 82 alloy wire;

	• metallographic investigations of the obtained 
results. 

Wire 0.3 mm in diameter from Inconel 82 
alloy was used as the spraying wire (Table 1) 
[49]. Spraying was performed on samples of 
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complex-alloyed steel of 24CrMoV55 type (or 
25Kh2M1F, GOST 2591-2006) (Table 1) [50], 
which were plates of 50 × 50 × 10 and 50 × 3 × 
10 mm size, as well as plates with artificially worn 
ribs ~3 mm wide and 3–8 mm high, milled out on 
their surface. 

Procedure of work performance was as fol-
lows. Tentative parameters of the modes of mi-
croplasma wire spraying were selected based on 
performed calculations and available experience, 
in particular that described in the respective publi-
cations. Selected parameters were refined experi-
mentally. Parameters of laser remelting mode were 
chosen based on calculations. Selected parameters 
were also refined experimentally. After that, mi-
croplasma wire spraying with Inconel 82 alloy 
with subsequent laser melting was performed on 
simulator-samples. Variants of spraying untreat-
ed surfaces and surfaces treated by gas-abrasive 
process were compared to establish the strength 
of sprayed layers adhesion to the base (stainless 
steel). Adhesion strength was determined by tear-
ing off the deposited layers under static tension 
(Fig. 1). Sprayed and remelted layers were studied 
by metallographic methods using optical micros-
copy and microdurometric analysis. 

Metallographic studies were conducted using 
optical microscope NEOPHOТ-32 (CARL ZEISS, 
Jena, Germany) with application of the proce-
dure of [51, 52]. To identify the microstructure of 
the samples, electrolytic etching was carried out 
with 20% water solution of ammonium hydrox-
ide (chloride) at voltage U = 6...8 V during time τ 
= 4...6 s [53]. Microhardness of Vickers samples 
was measured using M400 microhardness tester 
(LECO, St. Joseph, MI, USA) at 300 gs load, and 
the values ​​of sample hardness were determined 
according to ISO 6507 (Metallic materials – Vick-
ers hardness test – Part 1: Test method) and ASTM 
E384 (Standard Test Method for Microindentation 
Hardness (1–200 gf) of Materials to Vickers and 
Knoop) [54]. To evaluate the strength of adhesion 

of the sprayed layers to the steel base, testing was 
carried out using a standard adhesive technique in 
a universal servo-hydraulic testing complex MTS 
318.25 (MTS Systems Corporation, Eden Prairie, 
Minnesota, USA) with maximum force of 250 kN. 
To determine the wear resistance of the sprayed 
and remelted layers of Inconel 82 alloy, a grinding 
machine 2070 SMT-1 was applied with a “disc-
pad” pattern, using a bronze disc and pad made of 
steel 24CrMoV55 with sprayed (remelted) coat-
ing from Inconel 82 [55, 56].

SELECTION OF THE MODES OF 
SPRAYING AND FURTHER MELTING 	
OF INCONEL 82 ALLOY LAYERS

For preliminary selection of the parameters 
of microplasma wire spraying and further laser 
melting of the sprayed layers, calculations were 
performed using approaches proposed in [57–63]. 

Table 1. Composition of materials used in the investigations

Material
Element Content, wt. %

Fe В C Si Mn Ni Cr Cu P S Other

Substrate metal
24CrMoV55 

steel Base – 0.22–
0.29

0.17–
0.37 0.4–0.7 < 0.25 2.1–2.6 < 0.2 < 0.03 < 0.025 Mo < 0.9–1.1

V < 0.5
Filler materials

Inconel 82 
(wire) < 3.0 0.1 < 0.04 < 0.5 < 2.9 Base 19.0 – < 0.001 < 0.001 Nb < 2.25

Ti<0.5

Figure 1. Scheme of testing the adhesion strength of 
a sprayed coating to a base: 1 – sample; 2 – coating; 3 
– adhesive (glue); 4 – counter-sample; 5 – equipment 

of the MTS 318.25 testing machine
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Heat input into the base metal (steel plate) and 
laser penetration depth were calculated by the 
equation of heat transfer in a plate being melted, 
in the following form [57]: 

	 𝐶𝐶(𝑇𝑇)𝜌𝜌(𝑇𝑇) 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 𝜕𝜕

𝜕𝜕𝜕𝜕 (𝜆𝜆(𝑇𝑇) 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕), 

0 < 𝑧𝑧 < 𝐻𝐻, 𝑡𝑡 > 0  
 

(1) 
 
𝑇𝑇(ℎ − 0, 𝑡𝑡) = 𝑇𝑇(ℎ + 0, 𝑡𝑡); 
 𝜆𝜆 𝜕𝜕𝑇𝑇

𝜕𝜕𝜕𝜕|
𝑧𝑧=ℎ−0

= 𝜆𝜆 𝜕𝜕𝑇𝑇
𝜕𝜕𝜕𝜕|

𝑧𝑧=ℎ+0
   

 
(2) 
 

𝜕𝜕𝑇𝑇
𝜕𝜕𝜕𝜕|

𝑧𝑧=𝐻𝐻
= 0; −𝜆𝜆(𝑇𝑇) 𝜕𝜕𝑇𝑇

𝜕𝜕𝜕𝜕|
𝑧𝑧=0

= 

= 𝑞𝑞 − 𝑞𝑞𝑟𝑟 − 𝑞𝑞𝑒𝑒𝑒𝑒  
 
 

(3) 
 

	 (1)

where:	С(Т), ρ(Т), λ(Т) are the effective heat ca-
pacity of the metal (taking into account 
the latent heat of melting), density and 
thermal conductivity coefficient, respec-
tively; z is the vertical coordinate of heat 
distribution in the system of “remelted 
Inconel 82 coating (of thickness h) – 
24CrMoV55 plate (of thickness H), onto 
which the coating is sprayed”; t is the 
time of heat propagation along the coor-
dinate z, which is the ratio of the length of 
the heat source in the remelted layer to the 
speed of movement of this source.

For calculation according to dependence (1), 
we assume that at the interface of the sprayed layer 
of Inconel 82 and steel 24CrMoV55 (at z=h) con-
ditions of ideal thermal contact are in place [57]:
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𝜕𝜕𝜕𝜕 (𝜆𝜆(𝑇𝑇) 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕), 

0 < 𝑧𝑧 < 𝐻𝐻, 𝑡𝑡 > 0  
 

(1) 
 
𝑇𝑇(ℎ − 0, 𝑡𝑡) = 𝑇𝑇(ℎ + 0, 𝑡𝑡); 
 𝜆𝜆 𝜕𝜕𝑇𝑇

𝜕𝜕𝜕𝜕|
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(3) 
 

	 (2)

We will take the boundary conditions for 
Equation 1 as [57]:

	

𝐶𝐶(𝑇𝑇)𝜌𝜌(𝑇𝑇) 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 𝜕𝜕

𝜕𝜕𝜕𝜕 (𝜆𝜆(𝑇𝑇) 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕), 

0 < 𝑧𝑧 < 𝐻𝐻, 𝑡𝑡 > 0  
 

(1) 
 
𝑇𝑇(ℎ − 0, 𝑡𝑡) = 𝑇𝑇(ℎ + 0, 𝑡𝑡); 
 𝜆𝜆 𝜕𝜕𝑇𝑇

𝜕𝜕𝜕𝜕|
𝑧𝑧=ℎ−0

= 𝜆𝜆 𝜕𝜕𝑇𝑇
𝜕𝜕𝜕𝜕|

𝑧𝑧=ℎ+0
   

 
(2) 
 

𝜕𝜕𝑇𝑇
𝜕𝜕𝜕𝜕|

𝑧𝑧=𝐻𝐻
= 0; −𝜆𝜆(𝑇𝑇) 𝜕𝜕𝑇𝑇

𝜕𝜕𝜕𝜕|
𝑧𝑧=0

= 

= 𝑞𝑞 − 𝑞𝑞𝑟𝑟 − 𝑞𝑞𝑒𝑒𝑒𝑒  
 
 

(3) 
 

	 (3)

where:	q is the heat flow that is applied to the sys-
tem of “Inconel 82 coating (of thickness 
h) – 24CrMoV55 plate (of thickness H)”; 
qr is the heat flow lost due to thermal radi-
ation emitted from the heating zone; qev is 
the heat flow lost due to evaporation. 

First finite element method, using dependen-
cies (1)–(3), was applied to calculate the heat in-
put into the steel plate during microplasma spray-
ing, which occurs due to the impact on the plate 
of an indirect plasma jet with molten Inconel 82 
particles (Fig. 2). In the selected variant, plasma-
tron movement with the speed of 200 mm/min 
at the power of 1.2–1.6 kW without allowing for 
process efficiency, or 0.6–0.8, allowing for effi-
ciency at the level of 50%. The power applied to 
the base metal is up to 100 W.

Recommendations from published sources, in 
particular work [59, 60], were used for further re-
fining of the parameters of the modes of microplas-
ma wire spraying. According to these studies, cur-
rent І = 30–40 А should be used for spraying wires 
0.3 mm in diameter from materials close to Inconel 
82, with plasma forming gas flow rate close to 3 l/
min and shielding gas flow rate of the order of 5–8 
l/min. Such mode parameters will allow spraying 
the respective metal wire, fed at the speed W = 3–6 
m/min, and performing spraying at a distance of 
60–120 mm. As a result, coatings from 1.0–1.2 to 
1.8–2.0 mm high can be sprayed with the plasma-
tron movement speed of 100–200 mm/min. 

After that, temperature distribution was cal-
culated by the depth of the system of remelted 
Inconel 82 coating – 24CrMoV55 plate, on which 

Figure 2. Distribution of temperature Т over depth z of 24CrMoV55 plate during microplasma spraying of 
Inconel 82 coating
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coating was deposited, based on dependencies 
(1)–(3), using the finite element method (Fig. 3). 
Performed calculation showed that the guaran-
teed remelting of coatings up to 1.2 mm thick to 
a somewhat greater depth (of the order of 1.3–1.4 
mm) occurs at movement of 3.0 kW laser radia-
tion, defocused into a spot 3.0 mm in diameter, 
with the speed of 750 mm/min.

DEVELOPMENT OF AN EXPERIMENTAL 
UNIT AND SAMPLE PREPARATION

Proprietary experimental unit MPN-004 was 
used for microplasma deposition of coatings from 

Inconel 82 alloy wire (Fig. 4). This unit includes 
inverter power source Master TIG 200 P (Kemp-
pi OY Company, Finland) with control panel 1, 
block of gas flow rate and wire feed rate control 
2, independent cooling block 3, microplasmatron 
4, wire feeder 5, cylinder with argon 6. Spray-
ing was performed using a linear sample mover, 
mounted in a fume hood. Table 2 gives the main 
characteristics of MPN-004 unit. 

Nd:YAG-laser of DY 044 model (ROFIN-
SINAR Laser GmbH, Germany) with up to 4.4 
kW radiation power was used for laser remelting 
of the sprayed layers of Inconel 82 alloy. Remelt-
ing was also performed using a linear mover. De-
position of Inconel 82 coating was performed in 

Figure 3. Distribution (а) of temperature Т over depth z of system of “remelted Inconel 82 coating – 
24CrMoV55 plate, on which coating was deposited” and thermal cycle (b) of laser remelting process 

(Тm – melting temperature)

Figure 4. Appearance of MPN-004 unit
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the form of paths, sprayed on the surface of 50 × 
50 × 10 mm 24CrMoV55 steel plates, as well as 
on the longitudinal end face of 50 × 3 × 10 mm 
plates to produce narrow beads 3 mm wide. Mill-
ing of 50 × 50 × 20 mm plates was also performed 
to produce ~3 mm wide and 3–8 mm high ribs 
on their surface. Local depressions were made on 
these ribs, which simulated the worn defective 

zones, which were further on restored by spray-
ing with subsequent remelting (Fig. 5). 

INVESTIGATION RESULTS

Microplasma spraying of coatings from 
Inconel 82 wire

To finally determine the parameters of mi-
croplasma spraying of Inconel 82 alloy wire, a 
series of experiments were conducted, which 
were based on the above parameters chosen from 
publications. In these experiments, a coating from 
Inconel 82 alloy wire was applied in the form of 
narrow paths on flat samples from 24CrMoV55 
steel of 50 × 50 × 10 mm size. As a result, param-
eters of modes No. 1 and No. 2, given in Table 3, 
were selected. Two narrow paths 2–3 mm wide 
were deposited on some samples, according to 
these modes, in order to determine the sprayed 
layer height (Fig. 6). 

Experiments were also performed on micro-
plasma wire restoration of profiles of samples 

Table 2. Main technical characteristics of MPN-004 unit
Working gas Argon

Shielding gas Argon

Plasma jet power, kW Up to 3.0

Current, А 10…60

Voltage, V 20…50

Plasma forming gas flow rate, l/min 0.5…5

Shielding gas flow rate, l/min 2…10

Productivity, kg/h 0.1…2.5*

Material Usage Ratio, % 0.6…0.9*

Overall dimensions, mm 500 × 360 × 650

Weight, kg 44

Note: * At spraying of coatings from powders.

Figure 5. Schematic representation of samples with indication of zones for rib profile restoration (rib width is ~3 mm)

Table 3. Parameters of microplasma wire spraying of coatings from Inconel 82 alloy wire on 24CrMoV55 steel

Mode No. Spraying current 
І, А

Plasma forming gas 
flow rate, Q, l/min

Distance  L, 
mm

Spraying speed  
V, mm/min

Wire feed rate 
W, m/min.

Sprayed coating 
height  h, mm

1 40 2.82 100 100 3.4 1.0–1.2

2 30 3.0 60 100 5.8 1.7–1.9
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with artificially worn ribs, according to the sche-
matic, given in Figure 5. In this case, coatings 
were sprayed in the zones of artificial wear (de-
pression) so that the sprayed metal spread also to 
the unworn rib surface. Figure 7 gives the appear-
ance of the sprayed samples. 

As one can see from Figure 7, microplasma 
spraying method allows rather accurately restor-
ing the geometrical shape of worn parts that sig-
nificantly reduces the scope of further machin-
ing operations. 

Laser processing of applied microplasma 
coatings from Inconel 82 alloy wire

Experiments on laser processing of micro-
plasma wire coatings from Inconel were con-
ducted. The objective of the experiments was as-
sessment of the effectiveness of such processing 
to increase the strength, density and mechanical 
properties of the coatings. 

Processing of sprayed coatings was per-
formed using Nd:YAG-laser of DY 044 model 

(ROFIN-SINAR, Germany) with up to 4.4 kW ra-
diation power. Laser processing parameters were as 
follows: 3.0 kW power, ~3.0 mm diameter of radia-
tion spot, 750 mm/min processing speed. Ar was 
used for protection of the processing zone. General 
view of the remelted coating is given in Figure 8.

Metallographic studies of the obtained 
results

General view and microstructure of Inconel 
82 coatings, deposited on narrow sides of the 
samples (6 and 3 mm) before and after laser pro-
cessing are shown in Figures 9–10. In Figure 9a it 
is evident that there is a clearly defined interface 
between the deposited layer and the substrate. 
After laser remelting (Fig. 9b) this interface be-
comes significantly less clearly defined. Accord-
ing to paper [31] this may indicate the formation 
of a metallurgical bond between the remelted lay-
er and the substrate.

Metallographic studies of the cross-sectional 
microstructure of a bead formed as a result of mi-
croplasma spraying in mode 1 (Table 3) showed 
that its height reaches 1.25 mm, and its width is 4 
mm during spraying of the surface of a sample 6 
mm wide (Fig. 9,a and 10,a). During spraying of 
3 mm wide samples in the same mode, the bead 

Figure 6. Appearance of samples (a) and narrow paths from Inconel 82 sprayed in mode No. 1 of 1.0–1.2 mm 
height (b) and in mode No. 2 of 1.7–1.9 mm height (c)

Figure 7. Appearance of a sample with defective 
zones, restored by microplasma wire spraying

Figure 8. Appearance of the sample after laser 
remelting of the coating
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width corresponded to sample width. A bead de-
posited in mode 2 was selected for laser remelting 
(Table 3). After remelting, this bead becomes nar-
rower due to the action of surface tension forces, 
and its height and width are 2.0 and 2.6 mm, re-
spectively (Fig. 9b and 10b).

In an unetched state, a slight porosity of 3–5% 
is observed in the microplasma sprayed layers 
(according to ASTM E2109-01(2021) Standard 
Test Methods for Determining Area Percentage 
Porosity in Thermal Sprayed Coatings). Fine ox-
ide inclusions and delaminations from the base 
1.4 mm long are observed in the zone of sprayed 
coating bonding with the base metal. 

A fine lamellar structure of the bead is identi-
fied as a result of etching. The lamelle form fac-
tor is up to 14–20 (width to thickness ratio). Par-
ticles of a spherical shape 30–50 µm in diameter 

and semi-spherical shape of 30–40 µm radius 
are sometimes observed (Fig. 11). During mi-
crohardness measurement it was found that the 
spray-deposited bead from Inconel 82 alloy has 
average microhardness of 218±15 HV. Average 
microhardness of the steel base is equal to 339±4 
HV. No changes in the steel structure in the joint 
zone are observed visually, and the microhard-
ness does not differ from that of the base metal 
and is equal to ~341 HV. At the bottom of Figure 
11a the interface between the sprayed layer and 
the substrate is clearly visible. Detailed studies of 
this interface showed that it contains oxides and 
silicides of nickel and iron. This may indicate a 
low level of adhesion.

After laser remelting the bead metal changed 
its shape and became close to a semi-sphere in its 
cross-section (Fig. 9b). No porosity is observed 

Figure 9. General view of sprayed (a) and remelted (b) Inconel 82 coating (before etching)

Figure 10. General view of sprayed (a) and remelted (b) Inconel 82 coating (after etching)
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in the deposited metal. Complete recrystalliza-
tion of the metal took place after laser processing. 
Crystallization begins from the zone of fusion 
with the base metal in the form of fine elongated 
dendrites 3–5 µm wide and 25–35 µm long (Fig. 
10,b). Towards the middle of the remelted bead 
the dendrites coalesce into coarser ones (Fig. 
12,а), extending to almost the entire bead height. 
Formation of an edge zone leads to another crys-
tallization type (Fig. 10,b). Finer equiaxed grains 
of 50–120 µm size are observed in it. Edge zone 
width varies from 20 µm near the base, to 150 
µm in the highest zone of the bead. Average mi-
crohardness of the deposited metal is equal to 
255±29 HV, and that of the base metal is 354±30 
HV. A HAZ 100–200 µm thick with higher micro-
hardness of 550±30 HV is observed in the zone of 
bonding of the remelted bead with the base metal 
(Fig. 12,b). Thus, deposited bead microhardness 
increased by 17% after laser processing.

Increased microhardness of the HAZ indi-
cates the formation of carbides in it under the 

action of high-speed laser heating-cooling. The 
size of the HAZ is not critical from the standpoint 
of the threat of microcracks. Detailed studies of 
the transition zone between the remelted coating 
and the substrate showed the presence of their fu-
sion with the formation of a solid solution of iron 
and nickel.

DISCUSSION 

In previous calculations performed on the 
basis of dependencies 1–3 using the finite ele-
ment method, the parameters of microplasma 
spraying and laser remelting modes were se-
lected, based on allowing for the heat input into 
the base metal and into the previously deposited 
bead from Inconel 82 alloy. Further experiments 
were conducted without additional correction 
of the selected modes (current 30–40 A at volt-
age 40 V, deposition speed 100 mm/min). It was 

Figure 11. Microstructure of microplasma wire coating from Inconel 82 at the steel sample end face

Figure 12. Microstructure of microplasma wire coating from Inconel 82 remelted by the laser (a), 
and zone of HAZ fusion with the base metal (b)
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determined that at microplasma spraying the base 
metal was heated to 180–200 °С. Obtained result 
is indicative of calculation accuracy of the order 
of 12–20%. At further laser remelting of the 1.2 
mm high bead from Inconel 82 alloy deposited 
on the base metal the total penetration depth was 
1.4 mm. This value practically coincides with the 
calculated values. On the whole, the accuracy of 
preliminary calculations can be assessed as the 
one which provides an up to 20% error. The con-
ducted modeling provided less accuracy than that 
described in papers [11, 24], but at the same time 
it is much easier to perform and requires less time 
and resources.

In plasma spraying processes, the coating 
growth rate parameter determines the productiv-
ity of the technology. It was found that in the case 
of microplasma spraying of Inconel 82 alloy this 
parameter was 1 mm of coating height / 1 cm of 
narrow path length / 1 min of spraying process 
duration. For the technology of microplasma 
spraying with small diameter wires (of the order 
of 0.2–0.4 mm) such a value is acceptable, and it 
is indicative of rather high productivity. Maximal 
height of the coating was in the range of 1.0–1.2 
mm for 3.4 m/min feed rate of sprayed Inconel 
82 wire 0.3 mm in diameter, and 1.7-1.9 mm for 
5.8 m/min rate (modes 1 and 2, respectively, Ta-
ble 3). Coating up to 1.2 mm high of the width, 
which was guaranteed to cover the sample width, 
was sprayed on the surface of 3 mm wide sam-
ples. As shown by experiments on spraying of 6 
mm wide samples in the same mode, bead width 
was 4 mm. Coatings up to 1.9 mm high were 
sprayed on the surface of 6 mm thick samples, 
their width being 4–5 mm.

To determine the width of sprayed paths, 
several 1 mm high paths were deposited on 50 
mm wide surface of 50 × 50 × 10 mm samples in 
modes 1 і 2 (Table 3). Results of measurement 
of the total width of the narrow path section 
showed that in the case of spraying Inconel 82 it 
varies in the range from 4.8–5.0 mm to 9.7–9.8 
mm. The difference when spraying of 3 mm and 
6 mm wide samples is insignificant. Consider-
ing, however, that the distribution of the mate-
rial of spraying spot of the coating is described 
by Gauss’s law, it can be assumed that the useful 
area of the spot which contains 95% of the total 
volume of sprayed material corresponds to a di-
ameter of 3.2–6.5 mm.

Mechanical testing of the strength of adhe-
sion of the deposited layers of Inconel 82 alloy 

to the steel base was conducted by the standard 
adhesive procedure using MTS 318.25 machine. 
It was determined that the adhesion strength is of 
the order of 20–30 MPa, which is an insufficiently 
high value for the tasks of equipment recondition-
ing, usually arising in nuclear power engineering, 
aerospace and textile industry, etc. Note that the 
obtained adhesion indices are not the best. Thus, 
in paper [21], approximately twice as good in-
dices are given. For this, the authors propose to 
improve the preparation of the substrate. In our 
opinion, this will increase the time and cost of in-
dustrial production of the coated part. Therefore, 
in order to increase this value, it was rational to 
use laser remelting of sprayed coatings with their 
fusion with the base. 

During electrolytic etching of the sprayed and 
remelted samples in 20% aqueous solution of am-
monium sulphate (chloride) it was found that for 
high-quality detection of Inconel 82 alloy struc-
ture the etching time differed. For sprayed sam-
ples it was 4 s, and for remelted samples it was 6 
s. This indirect characteristic may indicate an in-
crease in corrosion resistance of Inconel 82 alloy 
after laser processing. Such an increase in cor-
rosion resistance can be equal approximately up 
to 50%. Typically, corrosion resistance tests are 
carried out using special methods, for example, in 
a molten salt environment, as described in paper 
[26]. Unfortunately, the authors of this work did 
not have the opportunity to conduct such detailed 
research and limited themselves to the described 
evaluation approach.

Laser remelting was performed on coatings 
sprayed on the end faces of 3 mm wide samples 
(sample size was 50 × 3 × 10 mm). Deposited 
beads of Inconel 82 alloy of width ~13% small-
er than those produced by microplasma spray-
ing were formed as a result of experiments on 
laser processing. A small increase in coating 
height (by 5–15%) was also observed. This ef-
fect is attributable to the action of surface ten-
sion forces and increase in the sprayed layer 
density during their remelting. It was found 
that laser remelting of microplasma coatings 
from Inconel 82 wire allows forming a depos-
ited bead without internal porosity, which has a 
strong metallurgical bond with the base metal. 
The obtained result is indirectly confirmed by 
the results of such papers as [23, 24, 26]. To 
create such a bond, the substrate metal is re-
melted to the depth of the order of 200 µm, a 
transition zone of 5–10 µm or greater width is 
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formed, depending on the process parameters, 
and a HAZ of up to 100–200 µm size forms 
in the base metal below the transition zone. In 
individual cases oxide inclusions were detected 
in the remelted metal of the peripheral regions 
of the formed deposited bead, where the impact 
of laser radiation was minimal. It should be 
noted that the selected laser remelting modes 
made it possible to avoid the effect of peeling 
of remelted coatings described in paper [33].

Comparison of the results of microhard-
ness measurement of the sprayed and remelted 
layers of Inconel 82 alloy showed an increase 
in the remelted bead hardness by up to 17% 
(Fig.13). In particular, the authors of paper [28] 
noticed this effect. This effect is attributable 
to formation of a certain grain structure of the 
metal and absence of burnout of elements form-
ing the hard phases, during laser remelting. The 
increase in the microhardness of the plasma 
coating after laser remelting is also discussed 
in papers [31, 32]. However, for alloy Inconel 
82 this effect was discovered for the first time. 
An overall tendency is hardness reduction after 
laser processing, which is associated with burn-
out of hard phases under the impact of focused 
laser radiation. In our case, remelting was per-
formed by defocused radiation, which promot-
ed a lowering of its power density to 4.3·104 W/
cm2. At such values of radiation power density, 
no burnout of alloy elements occurs. 

Friction machine 2070 SMT-1  was used to 
conduct wear resistance testing by “disc – pad” 

scheme. The tests were conducted similarly to 
those described in work [4]. Testing showed that 
wear resistance of remelted layers of Inconel 82 
alloy exceeds the wear resistance of the layers 
produced by microplasma spraying by 20–40%. 
It can be assumed that this is promoted by the 
fine-grained structure of Inconel 82 alloy pro-
duced during laser remelting, as well as by the 
above-described increase in its microhardness. 

Thus, laser processing of Inconel 82 wire 
coatings produced by microplasma spraying, 
showed the possibility of forming remelted paths 
with minimal porosity and strong adhesion to 
the base material. Substrate material can also be 
melted to the depth of 0.1–0.4 µm, depending on 
process parameters. Formation of fine-grained 
structures together with microhardness increase 
may promote an increase in wear resistance of 
remelted layers of Inconel 82 alloy, compared to 
sprayed layers. This coincides with the conclu-
sions of works [28, 29, 31].

The paper shows for the first time that laser re-
melting of a microplasma-sprayed coating made 
of Inconel 82 wire can increase its microhardness 
by ~17% (from 200–240 HV to 290–350 HV) 
due to the formation of fine-grained structures 
and the elimination of the burnout of individual 
alloying elements characteristic of laser process-
es. The technological similarity of the processes 
of microplasma spraying and laser remelting of 
sprayed layers is also shown for the first time, 
based on the close size of the processing spot in 
both processes. 

Figure 13. Distribution of microhardness HV over depth h [mm] of processed sample of «Inconel 82 alloy – 
24CrMoV55 steel»: 1 – microhardness in the sprayed layer of 82 alloy; 2 – microhardness in the remelted bead 

of Inconel 82 alloy
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CONCLUSIONS

Numerical modeling using the finite element 
method made it possible, by taking into account the 
heat input into the metal of the sprayed sample (about 
100 W), to make a preliminary selection of the pa-
rameters of the microplasma wire spraying modes 
(current 30–40 A, process speed 100–200 mm/min) 
and subsequent laser remelting of the sprayed layers 
of Inconel 82 alloy (power 3.0 kW, spot 3.0 mm, 
speed 750 mm/min) with an accuracy of up to 20% 
acceptable for technological evaluation. 

During microplasma wire spraying of Inconel 
82 alloy the parameter of the coating growth rate 
showed high productivity, and it was equal to 1 mm 
of coating height/ 1 cm of narrow path length/ 1 
min of spraying process duration. The useful area 
of the spot was equal to 3.2–6.5 mm, which is an 
indication of unique possibilities for narrow path 
deposition, that correspond to the capabilities of la-
ser remelting without additional radiation scanning. 

Laser melting of the deposited microplasma 
coatings from Inconel 82 alloy wire allowed pro-
ducing beads without internal porosity with hard-
ness up to ~17% (290–350 HV) higher than the 
hardness of the sprayed layers (200–240 HV), 
which is due to selection of a mode with a low 
power density (of the order of 4.3·104 W/cm2), 
which can prevent hard phase burnout. According 
to the results of electrolytic etching, an increase 
in corrosion resistance of Inconel 82 alloy of up 
to 1.5 times after laser remelting can be expected.

Metallographic studies of the produced results 
showed that microplasma wire spraying of Inconel 
82 alloy allows creating a coating with fine lamel-
lar structure with 14–20 lamelle form factor. Laser 
remelting of this structure leads to formation of 
fine elongated dendrites 3–5 µm wide and 25–35 
µm long in the bead lower and middle parts, and 
formation of fine equiaxed grains of 50–120 µm 
size in the bead upper part. Wear resistance testing 
showed that the fine-grained structure produced 
during laser remelting promotes an increase in this 
parameter by 20–40%, compared to spraying. 
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