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ABSTRACT 
 

This chapter presents new results of transmission electron microscopy (TEM), 

scanning electron microscopy (SEM), X-ray diffraction (XRD) and atomic force 

microscopy (AFM) investigation of the structure-phase compositions of thick (150 μm) 

coatings on the base of Ni and Co deposited by plasma-detonation on steel substrates. 

The coatings wear resistance, corrosion, micro and nanohardness tests were performed. 

The phase structures and morphology of precipitation of strengthening nanoparticles from 

solid solution are defined. Factor k is defined in the Hall-Petch equation for the coating 

materials. The model of structure for plasma-detonation coatings was developed. 

Computer simulation of temperature distribution in depth from the surface of coatings 

under direct current pulse plasma jet and direct current low-energy electron beam 

irradiation was done, and certain parameters for additional treatment by irradiation were 

proposed. The irradiation was carried out according to design conditions. It was found 

that the exposure of coatings to irradiation according to the recommended modes leads to 

the evolution of the structural-phase state of coatings and substantial improvement of 

performance properties of modified surfaces. It was established that the roughness of the 

modified coatings decreased by 2 times, the wear resistance of modified surfaces 

increases by 3 times, the microhardness increases by an average of 25%. The mechanism 

of coating improvement after additional treatment by DC e-beam or by DC pulse plasma 

jet was indentified. In general the structure-phase changes are represented by the increase 

of nanosized intermetallic phase volume concentration and the increase of the width of 

the diffuse zone in the coating layer contacting the substrate.  
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1. INTRODUCTION 
 

The plasma detonation method is recent; it allows obtaining coatings from high-melting 

metal powder in air medium. The formation of nanostructures in materials of the coatings 

applied by this method seems likely, since it is known that especially effective amorphous or 

nanostructured states are achieved at high heating speeds, high pressure, and short exposure 

to high temperatures [1]. Due to the high temperatures at which the coatings are formed we 

can expect that the structures formed while the coatings are being deposited are thermally 

stable, in contrast to the nanocomposite films prepared by reactive magnetron sputtering [2-

5].  

We summarized our previous works and the works of other authors dedicated to the 

development of advanced technologies of coatings depositing on various substrates and 

modification of surface by plasma in a table 1 with proper referencing. 

In papers [20, 21] the authors identified several major problems inherent in 

nanocomposite films prepared by reactive magnetron sputtering. First, it is necessary to 

achieve their resistance to oxidation, and second, to satisfy the requirement of thermal 

stability. When the temperature exceeds a threshold value Тс, the material of the film begins 

to crystallize. This leads to the destruction of the nanostructure and the formation of new 

crystalline phases, for which reason the nanocomposite films lose their unique properties at T 

> Тс. The thermal stability of plasma-detonation coatings, however, can be due to the 

formation of crystalline intermetallic compounds in the process of coating deposition, as well 

as by the increase of their volume fraction in the coating at additional exposure [2-5, 22-37]. 

 

Table 1. The modern methods of deposition of protective coatings using plasma 

technology 

 

No Name of technology  References  

1 Physical Vapor Deposition (PVD) [6, 7, 20, 21, 45, 46] 

2 Chemical Vapor Deposition (CVD) [8, 9] 

3 Combustion Chemical Vapor Deposition (CCVD) [10-14] 

5 Pulsed Electron Deposition (PED) [15] 

6 Thermal Coating Spraying: Plasma Spraying, Combustion 

Flame Spraying, Arc – Spraying, High Velocity Oxy-Fuel 

Coating Spraying (HVOF) 

[16-19, 41, 54, 55] 

7 Plasma Detonation  [2-5, 22-37] 

 

The papers [22-25, 35-37] point out that the intermetallic compounds formed in the Ni-

based plasma-detonation coatings improve their corrosion resistance and strength. It is 

necessary to note that the carbidic strengthening phase in Ni and Co-based alloys at the 

temperatures of 700-800C coagulates much faster than the intermetallic one, which leads to 

quick loss of alloy strength [38]. Therefore for work in high temperature areas the alloys with 

intermetallic hardening are more preferable. Due to considerable depth of the plasma-

detonation coating (100-500 µm) there is no problem of bonding of a high-duty and brittle 

surface film with the main material with much lower strength and high plasticity. The process 

of deformation takes place in a consistent structure mode through all the coating and the 

intermediate layer between the coating and the substrate. 
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Ni, Cr, and Co are the basic materials for development of solid, corrosion- and wear-

resistant coatings [5, 39]. As well as alloys based on Ni, Co-based alloys can have an fcc 

lattice, which gives a technological advantage in comparison with alloys based on Cr with a 

bcc lattice. In particular, the alloys with the fcc lattice are better welded, they retain strength 

at higher temperatures, are less prone to grain increase during heating, and do not lose 

ductility at low temperatures [39]. The choice of a Co-based alloy coating as the main 

material of the research is conditioned in the first place by the desire to get the structure of the 

coating with an fcc lattice, and with the release of intermetallic phases, that is, a structure 

similar to the previously studied [22-37] structure of the alloy coatings based on Ni. We can 

assume the precipitation of certain intermetallic phases. The data about existence of a phase 

with a hexagonal lattice in Co-Cr binary system was first published in data [38], the data 

about its structure was published in data [39]. Besides we assumed that the Co-based coatings 

after duplex treatment can be used for protection of valves and other components working in 

aggressive environments and in conditions of high friction due to the increased microhardness 

and reduction of surface roughness. They can be used for the parts of cutting tools, dies, ball 

bearings, etc. 

One of the main problems of plasma detonated thick coatings (100-500 µm thick) is their 

porosity, lack of homogeneity on account of poor agglomeration of powder particles, high 

roughness of surface, and low adhesion to substrate. These result in insufficient corrosion and 

wear resistance of such coatings [4, 5, 42]. To eliminate these drawbacks the coatings may be 

irradiated by electron beam in vacuum or re-treated by direct current pulse plasma jet on the 

surface without powder coating in air (duplex treatment). 

Practical experience of the use of combined technologies of coating deposition by plasma 

detonation with the subsequent modification by e-beam or plasma jet allows to claim that the 

mechanical properties of such coatings of metals and alloys (microhardness, nanohardness, 

wear resistance, corrosion resistance) are highly desirable [4, 5, 22-37]. To scientifically 

justify the modes of additional irradiation we need to know the structure of coatings before 

irradiation. There are not enough published TEM-data about the structure-phase composition 

of coatings deposited by plasma detonation. We need to provide the choice of duplex 

treatment modes according to the energy of plasma jet or electron beam, the time of exposure 

of the surface, etc. Therefore we need a correct model of a structure-phase composition of a 

coating before additional treatment. On the basis of this model we may recommend additional 

irradiation modes.  

The aims of this research: 

 

1) Developing a model of coating composition оn the basis of the experimental data 

analysis; 

2) Estimation of temperature distribution in a two-layer metal sample exposed to a DC 

pulse plasma jet or DC e-beam depending on added irradiation rates  

3) Establishing structure-phase and mechanical differences in the coatings before and 

after added treatment by irradiation and giving recommendations for industrial 

application of such coatings. 
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2. MATERIAL AND METHODS OF EXPERIMENTAL RESEARCH  
 

An ―Impulse-6‖ plasma detonation unit was used to form 150 -300 µm thick protective 

coatings of powder alloys on stainless steel 3 substrate (Fe – base, C - 0.25 %, Mn – 0.8 %, Si 

– 0.37 %, P < 0.045 %). For the coatings we used the AN-35 Co-based powder alloy with 

additives of Cr (8…32 %); Ni ( 3%), Si (1.7…2.5%), Fe ( 3%); C (1.3…1.7%) and W 

(4…5%) and the PG-19N-01 Ni- based powders alloy with additives of Cr (8…14%), B 

(2.3%), Si (1.2…3.2%), Fe (5%), C (0.5%) and PG-AN-35 Ni- based powders alloy with 

additives of Cr (19…24 %); Mo (4%), B (2%), Si(2%), W (1%), (Russian Industrial 

Standard). The powder fractions of the above mentioned composition varied from 56 to 260 

µm in size. The substrates were 20x30х10 mm
3 

steel samples with the surface pre-treated by 

sandblasting. Plasma-detonation powder coatings were deposited in air using the following 

modes: the distance from the sample to the plasma jet nozzle edge – 60 mm; sample travel 

speed – 360 mm/min; pulse frequency - 4 Hz; powder consumption – 21.6 g/min; capacitor 

bank – 800 µF. The electric current density in a plasma jet can vary from 1 to 7 

А/cm
2
; the heat transmission rate in the sample varies in the q = (0.1…5)·10

6 
W/cm

2
 

depending on the electric current density; the average temperatures of the plasma flow at the 

nozzle exit of the installation reach the order of several thousand ˚C; the average diameter of 

a plasma jet on a sample is 25 mm; pulse duration of the order of 10 μs [4]. Propane, oxygen 

and air were used as combustible and orifice gases. Мо was selected as a plasma-jet eroding 

electrode material. 

The coating was deposited and the additional treatment was produced at the Sumy 

Institute for Surface Modification (Sumy, Ukraine). The selection of the additional 

exposure modes is based on modeling of temperature profiles in the coatings and the substrate 

during irradiation. Mathematical modeling of the temperature profiles in the double-layer 

absorbers described in Section 4 of this Chapter. We took such modes of irradiation at which 

on the surface the Ni or the Co melting temperature is achieved, and on the border between 

the coating and the substrate the temperature is high enough to significantly accelerate the 

diffusion processes and to increase the width of the diffusion zone from the coating to the 

substrate, but not to lead to coating melting. The optimal modes were thought those that 

would lead to homogenization of the coating and improve its adhesion to the substrate due to 

the acceleration of diffusion processes during irradiation.  

The modes of additional irradiation by DC pulse plasma jet: power density of plasma jet 

is 1.9x10
9
 W/m

2
; pulse duration is 3x10

-6 
sec; pulse frequency is 2.5 Hz; the irradiation is 

carried out in air. 

The irradiation of samples on the side of the surfaces according to the calculated modes 

was carried out in vacuum by DC electron beam on "U-212" generator with an accelerating 

voltage of 30 kV. The scan is sawlike; the beam travel speed in the horizontal direction is 360 

mm / min; the diameter of the electron beam on the sample is 10 mm; the current amperage is 

20-30mA.  
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Table 2. The experimental methods of structural-phase analysis  

 

Method Equipment NB 

X-ray diffraction 

XRD 

X‘Pert PRO (―PANalytical‖, the 

Netherlands) 

For studying the samples‘ phase 

composition  

Scanning Election 

Microscopy 

(SEM) with Energy 

Dispersive Spectrometry 

(EDS) 

JSM-6390LV (―JEOL‖, Japan) 

with EDS (―Oxford Instruments‖, 

Great Britain) 

The investigation of surface 

structure and morphology and 

for elemental analysis 

Transmission Electron 

Microscopy 

TEM 

JEM-2100 

(―JEOL‖, Japan) 

 

PIPS –M-691 

(―GATAN‖, USA) 

For studying the nanostructure 

 

The foils for TEM were 

prepared by the Ar ion sputter 

etching method using the 

Precision Ion Polishing System  

Atomic Force Microscopy 

AFM 

JSPM-5200 

(―JEOL‖, Japan) 

NT-206 (Byelorussia) 

Topography  

 

The experimental methods of structural-phase analysis are presented in Table 2. For a 

more detailed analysis of the coating, it was mechanically cut off the surface of the substrate 

to examine the structure at different depth from the coating surface. We used the method of 

arbitrary secant line to define the volume fraction of phases according to the TEM-images and 

data [43] and CrystalMaker software to define the parameter of the crystal-lattice 

according to the TEM-diffraction pattern. Because the thickness of the coatings is from 150 to 

300 microns, we applied different methods to investigate the structure, element composition 

and mechanical properties of the coatings at different depths. Thus we investigated different 

coat layers. Microhardness was measured on the angle laps of coatings by PMT-3 

microhardness meter (LOMO, Russia) with an indentation load of 2, 5, and 10 N. 

Nano-hardness was measured with a Berkovich triangular indenter on a Nano Indentor II 

nano-hardness tester (MTS Systems Corporation, USA) with an accuracy of indentation force 

± 75 mN. In the process of testing the relationship of Berkovich indenter tip displacement to 

the force was recorded to a high precision. The test was run as follows: 1) load up to 10 mN 

(about 1 GPa); 2) 15 sec. exposure; 3) load relief by 80%; 4) 30 sec. exposure at a permanent 

load for measuring thermal drift; 5) complete indenter discharge. Nanohardness and elasticity 

modulus were defined at the peak indenter load using the Oliver and Farr procedure [44].  

Wearability was measured with a SMTS-2 (―Selmi‖, Ukraine) using a plane-cylinder 

scheme in technical petroleum jelly. Wear rate was measured by microweighing every 500 

cycles; the total number of revolutions was 10,000. The length and width of the fret 

originating from the counter-object contact with the test sample was measured in relation to 

the number of counter-object revolutions.  

Corrosion was tested using the potentiostatic method to measure the sea-water corrosion 

rate. The experiment of removing polarization curves was carried out with a PI-50.1.1 

potentiostat (―ElectroTechSnab‖, Russia). The sample surface area equaled the subsidiary 

electrode surface, 1cm
2
. A 120ml three-electrode electrolytic cell was used for the test. The 
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NaCl 0.5Н (3%) solution imitated sea water in the cell. The potentiostatic study was 

monitored with a silver-chloride contrast electrode.  

 

 

3. THE STRUCTURE-PHASE COMPOSITIONS OF NI AND CO–BASED 

POWDER ALLOYS COATINGS DEPOSITED BY PLASMA-DETONATION 

ON STEEL SUBSTRATES 
 

The roughness of plasma-detonation coatings is very high. The average number of 

roughness coefficient Ra is 100 nm for AN-35, and 121 nm for PG-19N-01 (Fig. 1). The X-

Ray analysis results of coating phase structure are presented in Table 3. 

 

 
a 

 
b 

Figure 1. AFM-images of the surface of AN-35 coating (a) and PG-19N-01 coating (b). 
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Table 3. Phase composition of the Ni-Cr and Co-Cr based coatings (the thickness of 

analyzed layer is about 50 µm) 

 

Material and the field of 

analysis 

Volume concentration. Chemical formula. Crystal system. Space group. 

Space group number. Parameters (Å) 

 Ni-Cr based coating  

PG-19N-01 base powder 75 % - solid solution on Ni-base (γ-phase) - Cubic, Fm3m, 225,  

a =3.55  

25% - Cr13 Ni5 Si2- Cubic, Pm-3m, 221, a =6.1180 

coating  

PG-19N-01, 0-50 µm from 

the surface 

60 vol. % -solid solution on Ni-base (γ-phase) - Cubic, Fm3m, 225, 

а=3.535..3.540 

15 vol. % Cr3 Ni5 Si2 – Cubic, Pm-3m, 221, а=6.1180  

15 vol. % Cr Ni3 -Cubic, Fm-3m, 225, а=3.552  

10 vol. % NiO - Cubic, Fm-3m, 225, а=4.2  

coating  

PG-19N-01, 150-200 µm 

from 

the surface 

70 vol. % - solid solution on Ni-base (γ-phase) - Cubic, Fm3m, 225, 

а=3.525...3.500  

10 vol. % Cr Ni3 -Cubic, Fm-3m, 225, а=3.552 

20 vol. % Fe7Ni – Cubic, Im-3m, 229, а=2.861 

Co-Cr based coating 

AN-35 

base powder  

20 vol.% - Co –based solid solution, hexagonal (hcp)  

70 vol% - Co –based solid solution, Cubic (fcc) 

10%- СоCr2O4, Cubic (fcc), Fm-3m (225), а=8.2990 

coating  

AN-35, 0-50µm from the 

surface  

60 vol. % - Co-based solid solution, Cubic (fcc), Fm-3m, 225,  

a =3.55…3.54  

20 vol. % - Со0.8Сr0.2, hexagonal, P63/mmc,194,  

а =2.52; в = 2.52; с = 4.062 

10 vol. % FeCr2O4- Cubic (fcc), Fm-3m, 225, а =8.3780  

10 vol. % СоCr2O4 - Cubic (fcc), Fm-3m, 225, а=8.2990  

coating  

AN-35  

150-200 µm from the 

surface  

50 vol. % - Co-based solid solution, Cubic (fcc), Fm-3m, 225,  

 а =3.52-3.53 

15 vol. % - Со0.8Сr0.2 , hexagonal, P63/mmc,194,  

а =2.52; в = 2.52 ; с = 4.062 

35 vol. % CoFe– Cubic, Pm-3m, 221, а =2.8570  

 

We observed an X-Ray halo in the field of a low-angle region at X-ray diffractogram, 

which allows assuming surface amorphization. The X-ray amorphous film is formed in the 

coating. TEM images and microelectron-diffraction pattern surfaces confirm the presence of 

an amorphous layer on the surface (Fig. 2). Thus, the surface layer is characterized by the 

presence of oxides (Table 1) and amorphization of the structure of a solid solution. 

The coatings have differences in the phase structure with depth (see Table 1). We noted 

the reduction of γ-phase parameter a in the coatings and relative increase of γ-phase peaks 

(220), (422), (440) intensity with depth. In general the γ-phase peaks spread. In the coating 

layers that contact the substrate the volume concentration of Fe–based phases rises (Fe is the 

basic component of a substrate), and oxides disappear. 

According to the data of the XRD the material of substrate contains a Fe -based bcc-

lattice phase (cubic,Im-3m,229) with the parameter а=2,8662 Å. 

It was proven by TEM that the base through-thickness layer of plasma detonation 

coatings is a mixture of crystallographically differently oriented nanograins of austenitic -
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phase (Fig. 3b) with the size of 1-2 nanometers and lamellas of intermetallic phases up to 50 

nanometers long (Fig. 3a, Fig. 4a and Fig. 5a). Every indexed reflex of intermetallic phases 

(Fig. 4b and Fig. 5b) was tested by the dark field method (Fig. 4c and Fig. 5c). 

 

 
a 

 

 
b 

Figure 2. TEM-image of the surface of AN-35 plasma-detonation coating (a); electron-diffraction 

pattern of the surface of AN-35 plasma-detonation coating (b). 

 
a 

Figure 3. (Continued). 
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b 

 
c 

Figure 3. TEM - images of PG-19N-01 powder coating deposited by plasma-detonation onto the Steel 3 

substrate: the CrNi3 particles view (a); the area of nanograins with different crystal-lattice orientation 

(b); the electron diffraction pattern of Ni-base with indexes of corresponding crystallographic plates (c). 

 
a 

 
b 

Figure 4. (Continued). 
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c 

Figure 4. TEM - images of PG-19N-01 coating: the CrNi3 particle (bright field) (a); the electron 

diffraction pattern of a CrNi3 particle, the zone axis is (b); the CrNi3 particle (dark field) shot in 

point reflex (111) (c). 

 
a 

 
b 

Figure 5. (Continued). 

]110[
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c 

Figure 5. TEM - images of AN-35 coating: the Со 0.8Сr 0.2 particle (bright field) (a); the electron 

diffraction pattern of a Со0.8Сr0.2 particle, the zone axis is [001](b); the Со0.8Сr0.2 particle (dark field) 

shot in point reflex (c). 

According to the XRD data the PG-19N-01 coating contains a Ni-based fcc-lattice phase 

with the parameter а=3.525…3.540 Å (Table 3).  

In accordance with the estimated electron-diffraction pattern (Fig. 3c) this parameter 

makes 3.53 Å. The estimated fcc-lattice parameter of CrNi3 (Fig. 4) in the coating made а= 

3.58 Å (the interplane distance is 2.05 Å), which is also very close to the XRD data (Table 3). 

The volume ratio of CrNi3 in the coating PG-19N-01, as defined by TEM images, makes 

about 20%. 

In accordance with the estimated electron-diffraction pattern (Fig. 5b) the parameters of 

Со0.8Сr0.2 - phase are: а =в = 2.5 Å and с = 4.0 Å. The volume ratio of Со0.8Сr0.2 in the 

coating AN-35, as defined by TEM images, makes about 30 %.  

These nanosize intermetallic phases may be called strengthening as the greatest 

microhardness of a coating corresponds to those places where the volume concentration of 

these phases is greatest (Fig. 6). Along with microhardness measurement we measured the 

sizes of corresponding grains. 

It is particularly important that there is a transition (diffusion) zone between the coating 

and the substrate, where the Ni-based or Co-based γ-solid solution turns into the Fe-based 

solid solution with the bcc – structure, and compounds of Co or Ni with Fe evolve. The width 

of the diffusion zone for the samples before irradiation is estimated in average as 100 micron: 

50 micron in the coating and 50 micron in the substrate (by processing the data on the 

distribution of microhardness across the depth from the surface, and according to the X-ray 

phase analysis data). 

 

 

 

 

)010(
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a 

 
b 

Figure 6. Coating microhardness variation according to distance from the surface and to the volume 

concentration of intermetallic phase: AN-35 (a). Coating microhardness variation according to distance 

from the surface and to the volume concentration of intermetallic phase: PG-19N-01 (b). 

The analysis of dependence of microhardness at some distance from the surface shows 

that the coating microhardness is considerably higher than that of the steel substrate. The steel 

microhardness on the average is 1.4 GPa. The maximum microhardness of AN-35 is 8.0 GPa 

and of PG-19N-01 is 7.0 GPa. It is observed in the coatings at the depth of 60 μm from the 

surface. The width of the transitional from a coating to a substrate layer with the increased 

microhardness is estimated as 100 microns, the analysis of its structurally-phase composition 

(Tab. 1) allows calling it a diffusion zone. 

Due to the considerable depth of the coating (150 µm) there is no problem of conjunction 

of high-duty and brittle surface film with the main material that possesses much lower 

strength and high plasticity. The process of deformation has a consistent structure rate in all 

the coating and the substrate intermediate layer. We think that the structure-phase state of a 

coating is defined by the following factors: deformational impact of a plasma jet, temperature 

profile distribution in the coating material, and inhomogeneous concentration of elements in 

the coating. The formed structures are stable at room temperature, no reduction of strength 
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properties is observed. We explained dependence between the linear sizes of grains and 

microhardness by the Hall-Petch equation (1): 

 

  
(1) 

 

where Н is microhardness, actually the strength property; k is the constant, connected with 

the transfer of deformation through grain boundary; Н0 is the strain connected with energy 

dissipation in motion dislocation in infinitely great grain; d is the size of a grain. 

This interpretation is true because of numerous well-known empirical dependences of 

strength σ from hardness Н; and the similar explanation of dependence was used in the data 

[45, 46] devoted to research of superhard thin films. We have defined constants in this 

equation for AN-35 coating: Н0=4.6GPa, k=1.4 GPam
1/2

 and for coating PG-19N-01: 

Н0=4.1GPa, k=0.6 GPam
1/2

 for a material with the grain microstructure. If we believe that 

the maximum microhardness corresponds to grains with intermetallic lamellas, and to 

nanograins in size 1-2 nanometers on the surface (Fig. 7), the constant k in the Hall-Petch 

equation will be negative for material with the nanograin structure. Such an effect was 

observed by researchers in data [21] devoted to research of nanostructure films. 

 

 
a 

 
b 

Figure 7. Variation of the Hall-Petch curve trend: correlation between the grain size and microhardness 

for coating AN-35, b. Variation of the Hall-Petch curve trend: correlation between the grain size and 

microhardness for coating PG-19N-01. 

2

1

0



 kdHH



Darya Alontseva 66 

We consider that the nanocrystalline patterns found in these coatings are distinctive for 

all the coatings deposited by the plasma detonation method, and partially characteristic for the 

substrate layer next to the coating. One of the reasons is high micro structure defectiveness 

conditioned by the plasma jet impact action on the surface and steep temperature gradient in 

the coating, which may lead to a great deformation in a coating. As a result, in order to 

remove the strains in a coating there is formed a substructure of nanograins of different 

crystal lattice orientation with high and continuous disorientation, which is proved by 

distinctive ring electron-diffraction patterns. When the foils in a goniometer are oriented 

randomly, there are no characteristics of polycrystals features of diffraction contrast, namely, 

the changes of its intensiveness on the boundaries, necessary for defining grain edges. We 

assume that we observe the pattern similar to a fragmented one, with fragment – nanograin – 

disorientation being analogous to the one of crystal polygonization. The validation of this 

assumption for the coatings is some diffusion of the peaks and lowering of their intensiveness 

on the X-Ray diffractograms.  

Though in electron diffraction pattern all reflexes of face-centered cubic lattice are 

observed, the planes with zone axis <111> give brighter reflexes (Fig. 8 a). It is indicative of 

texture (Fig. 8b). Occurrence of a fiber texture with the zone axis perpendicular to the coating 

surface is connected with the direction of a heat current at heating by a plasma jet during 

deposition and the subsequent cooling of coating. In the contact with the substrate layer the 

coatings are deformed (Figure 8 с). 

 

 
a 

 
b 

Figure 8. (Continued). 
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c 

Figure 8. a,b - The electron-diffraction pattern of AN-35 coating with the texture with an axis type 

<111> zone, c -The defects in a contact layer of coating PG-19N-01with substrate. 

Basing on the results of research of microstructure, phase structure and microhardness of 

plasma detonation coatings at depth from the surface, the scheme of their structure (Fig .9) is 

developed. This scheme was used at working out the model of the temperature profile 

distribution in these coating under irradiation by a plasma jet or an e-beam. Occurrence of a 

fiber texture with the zone axis perpendicular to the coating surface is connected with the 

direction of a heat current at heating by a plasma jet at deposition and the subsequent cooling 

of coating. 

The temperature interval of CrNi3 - phase in Ni-Cr solid solution (Cr 20-40 at. %) is 500-

600 °C according to the data [47, 48]; the existence of the temperature interval of the 

Со0.8Сr0.2 phase is not specified in references. Blake et al. [49] note the existence of an 

intermediate CrСо3 – phase in the Fe-Co system. But temperature intervals of existence of 

phases in a non-equilibrium open system, like an irradiated and complex in structure coating, 

may not coincide with the data of equilibrium phase diagrams. The formation of phases on the 

Сr basis caused some concern because of the known effect of embrittlement of austenite 

materials at chromiferrous phase precipitation on boundaries of austenitic grains (σ - a phase 

with a tetragonal lattice or carbides) [50]. On the other hand, austenite alloys with high Cr 

content are known for the effect of their hardening by disperse intermetallic γ'-phase (fcc) or 

η – phase (hcp) due to the mechanism of cellular precipitation [51]. In case of our 

investigation it is obvious that precipitation of disperse nanosized lamellas of intermetallic 

compounds increases coating durability; the greatest microhardness is observed in those 

layers of coatings where the volume fraction of intermetallic compounds is maximal (Fig. 6). 

The coatings need additional irradiation for reduction of surface roughness and increase 

of their homogeneity. On the basis of the experimental structural and phase analysis of 

coatings the microstructure the model of structure for plasma-detonation deposited Co and a 

Ni- based coating was developed. The applied value of the model was used to calculate the 

mode of additional irradiation for modifying the coatings.  
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a    b 

Figure 9. The scheme of the structure of coatings on Ni - Cr and Co–Cr based powder alloys deposited 

by plasma-detonation on the steel substrates (a) with explanatory drawings and images: the nanograins 

and intermetallic phase precipitation with their electron diffraction pattern and the scheme of cubic 

grain (b), were: 1- amorphous layer with oxides and carbides; 2-textured layer (solid solution on Сo-

base with intermetallic phase) and unmelted particles of coating powder; 3-intermediate coating layer 

(coating-substrate) with deformed and broken particles of coating; 4-intermediate substrate layer with 

fine-grained microstructure; 5-substrate with large grains. The strokes show precipitations of lamellas 

of intermetallic phase. 

 

4. COMPUTER SIMULATION OF TEMPERATURE DISTRIBUTION IN 

TWO-LAYER METAL MATERIALS HEATED BY  

A MOVING SOURSE OF RADIATION 
 

The relevance of the problem of finding the temperature field in two-layer metal 

materials heated by a moving source of radiation is conditioned by the problem of choosing 

the optimal modes of modifying radiation of protective powder coatings applied by a high-

speed plasma jet to the steel substrate. Based on a series of experimental studies of the 

structure and properties of such coatings before and after additional irradiation by electron 

beam or plasma jet [22-37], we concluded that it is necessary to simulate the temperature 

distribution during irradiation to justify the choice of such irradiation parameters as power 

density and the speed of the source. The values and the distribution of temperature in the 

depth from the surface heated by a source play a crucial role in the precipitation of reinforcing 

phase particles from the solid solution, acceleration of diffusion processes between the 

coating and the substrate. Comparing the experimental data with the temperature profile 

calculations we can offer the best modes of radiation that do not cause excessive heating of a 
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coating, but at the same time lead to changes in the phase composition (formation of 

reinforcing particles) and to improvement of adhesion of coatings to the substrate due to 

acceleration of diffusion processes between the coating and the substrate. During radiation 

treatment of coatings high temperatures of the coating surface are achieved (the melting of the 

coating surface is an often a phenomenon), at that the temperature of the substrate at a 

relatively small depth increases slightly. Since the thermal properties of metals, such as 

thermal conductivity and specific thermal capacitance, substantially depend on temperature, 

adequate modeling of heat transfer in the processing of coatings by radiation leads to the 

solution of the non-stationary problem of the theory of non-linear thermal conductivity.  

Since the thickness of the coating layer in which heat is emitted during radiation 

processing is very small compared to the thickness of the coating, we use a flat heat source 

model. Because in most practical cases geometric dimensions of the zone of intense heating 

are small compared to the size of a sample, we simulate the substrate by a semi-infinite body, 

and the coating – by an unlimited plate of thickness h. We introduce the Cartesian coordinates 

as shown in Fig. 10 (X and Y axes are lying in the plane of the coating surface, Z axis is 

pointed into the sample). 

 

 

Figure 10. Schematic representation of the bilayer plate heated by the moving flat heat source, 

indicating the choice of coordinate system. 

Let at the initial time t0 a flat axially symmetric heat source moving with 

velocity V directed along the axis X be switched; and at the time t0 the axis of the 

beam passes through the point (x0,0,0) where x0=Vt0. 

Then we come to the boundary problem of the theory of thermal conductivity defined by 

the system of differential equations and boundary conditions 
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Where T1(x,y,z,t) and T2(x,y,z,t) are thermal fields in the coating and the substrate; a1 and k1 - 

coefficients of thermal diffusivity and conductivity of the coating material; a2 and k2 - 

coefficients of thermal diffusivity and thermal conductivity of the substrate material; and the 

surface heat source is described by the equation: 

 

  (3) 

 

in which ,  - the function that describes 

the distribution of the source power surface density (argument r sets the distance to the axis of 

the source), and φ(t) function is given by the system: 

 

  (4) 

 

Let a fixed flat heat source with a power density (4) operate on the surface of the above-

described composite solid 

 

  (5) 

 

If we can calculate the temperature field T
*
(r,z,t) (in a cylindrical coordinate system, z 

axis of which coincides with the axis of the source and is pointed into the plate) generated by 

the source, we will be able to find the field of a moving source by calculating the quadratures. 

Indeed, the temperature at the sample heated moving source at the time is determined by the 

equation (6) [30]. In point of fact, the temperature  at the point  of the sample 

heated by a moving source at the time  is determined by the equation (6) [52].  

 

  (6) 

 

The method is implemented in the program for the PC written in the C
++

 programming 

language in Microsoft Visual Studio Express development environment [53]. 

Analyzing the received contour maps of the temperature field at the coating-substrate 

interface we selected the following mode of additional electron beam irradiation of coatings 

in vacuum: effective beam diameter - 10mm; power source - 500W; speed - 4mm/s. The 

irradiation of samples on the side of the surfaces according to the calculated modes was 

carried out using ―U-212‖ generator.  

The estimation of temperature distribution in a two-layer metal sample exposed to a 

direct current pulse plasma jet, depending on irradiation rate intensity, using analytical 

method and «Diffpack Encounter» licensed application was carry out [23]. The recommended 
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mode of irradiation: power density of the plasma jet 1ffl10
9 

W/m
2
. The irradiation of Co-based 

coatings by direct current pulse plasma jet was carried out according to the design conditions. 

 

 

5. STRUCTURE AND MECHANICAL PROPERTIES OF PLASMA – 

DETONATION COATINGS AFTER ADDED IRRADIATION 
 

The model of the structure of powder coatings deposited by plasma-detonation onto steel 

substrates was described in Section 3 of this chapter. It was based on a series of experimental 

studies of the structural-phase composition and properties of such coatings. The Section 3 of 

this chapter points out the reasons for the formation of zones with different structural and 

phase composition of the coatings, the location of these areas in depth from the surface and 

their thickness. It is particularly important that there is a transition (diffusion) zone between 

the coating and the substrate, where the Ni-based or Co-based γ-solid solution changes for the 

Fe-based solid solution with the bcc – structure, and compounds of Co or Ni with Fe evolve. 

The width of the diffusion zone is estimated in average as 100 mm: 50 mm - in the coating 

and 50 mm in the substrate (by processing the data on the distribution of microhardness 

across the depth from the surface, and according to the X-ray phase analysis data). 

The volume fraction of Ni-based solid solution in the coatings increased after irradiation 

by a DC electron beam by an average of 5 - 9% according to the X-ray phase analysis; the 

number of intermetallic phases, Ni and Fe compounds increases (Table 4). The phase 

composition of the Co-based coating after irradiation by DC pulse plasma jet according to the 

design conditions also changes, the volume fractions of Co-based solid solution and 

intermetallic phase increase (see table 4). Mo appears on the surface of a coating after 

irradiation under the estimated regimes (Table 4). It is evident that molybdenum penetrates 

the surface from the Mo electrode After treatment by irradiation the adhesion of the coatings 

to the substrate significantly increased, thus making it hard to mechanically cut the coating 

from the substrate, unlike prior to irradiation. A too thick layer of the steel substrate is taken 

when cut off. Therefore, Table 2 shows the data obtained only in the analysis of the irradiated 

coating surface. 

The roughness decreases at the expense of melting the coating surface, which 

corresponds to the specified temperatures at the surface of the coating (Fig. 11). The average 

value of roughness coefficient Ra of the AN-35 coating after irradiation is 53 nm, Ra of the 

PG-19N-01 coating after irradiation is 30 nm. 

Microhardness of the coating increases by an average of 25%; the width of the diffuse 

zone increases (Fig. 12).  

As a result of the coatings‘ modification by irradiation their wear resistance increased by 

up to 3 times (Fig. 13). 

After irradiation PG-19N-01coating is resistant to corrosion in sea water. Steel 3 substrate 

and PG-19N-01coating sea water corrosion potential is rather high: φcorr= – 0.38 V and φcorr= – 

0.49 V correspondingly. Yet the substrate corrosion rate is considerably higher: 

іcorr(substrate)=3,7 mm/yr, іcorr(coating)=2.2 mm/yr. 
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Table 4. Phase composition of the plasma detonation coatings  

before and after irradiation 

 

Material 

Volume concentration, %. Chemical formula. Crystal system. Space group. Space 

group number. Parameters [Å] 

before irradiation after irradiation 

PG-10N-01 

60 % -solid solution on Ni-base (γ-

phase) - Cubic, Fm3m, 225, 

а=3.535..3.540 

15 % Cr Ni3 -Cubic, Fm-3m, 225, 

а=3.552  

15 % Cr3 Ni5 Si2 – Cubic, Pm-3m, 221, 

а=6.1180  

10 % NiO - Cubic, Fm-3m, 225, а=4.2 

77% - solid solution on Ni-base (γ-

phase) - Cubic, Fm-3m (225),  

a =3.5(8) 

17 % - Cr Ni3 - Cubic,  

Pm-3m, 221, а=6.1180  

2 % Cr3 Ni5 Si2 – Cubic, Pm-3m, 

221, а=6.1180  

 2% - Fe Ni3- Cubic, Fm-3m (225), 

a =3.5556 

2% - Fe7 Ni3 - Cubic, Im-3m (229), 

a =2.861 

PG-АN-33 

80% - solid solution on Ni-base (γ-

phase), Fm-3m (225),a =3.5960 

 

 

10% - CrNi3- Cubic, Fm-3m (225), 

а=3.5520 

 10% - FeO Cr2O3 – Cubic, Fd-3m 

(227), a =8.3440  

 

85% - solid solution on Ni-base (γ-

phase), Fm-3m (225), a =3.5350  

6% - solid solution on Fe-base, 

Cubic, Im-3m (229), a =2.8664  

7% - CrNi3- Cubic, Fm-3m (225), 

а=3.5520 

1 % - FeNi
3
 - Cubic, Fm-3m (225), 

a =3.5556 

1% - Mo
2
C -Hexagonal, P63/mmc 

(194), a=3.0029, b=3.0029, c = 

4.7290 

AN-35  

 

60 % - Co-based solid solution, cubic 

(fcc), Fm-3m (225), a =3.55…3.54 ;  

15% - Со0.8Сr0.2, Hexagonal, P63/mmc 

(194), a =2.52; b = 2.52; c = 4.062;  

10% FeCr2O4- Cubic (fcc), Fm-3m 

(225), a =8.3780;  

15 % CoO- Cubic (fcc), Fm-3m (225), 

a =4.2200 

70% - Co-based solid solution, 

Cubic (fcc), Fm-3m, a =3.5(4);  

 

20% - Со0.8Сr0.2, Hexagonal, 

P63/mmc, a =2.52; b = 2.52; 

 c = 4.062;  

3 % - FeCr2O4- Cubic (fcc), Fm-3m 

(225), a =8.3780;  

7 % - Mo, Cubic, Pm-3m a=3.130 

and MoO2 and MoO3 

 

Calculated from measurements of nanohardness H Young's modulus E* and the 

calculated ratio of coating before and after modification by irradiation are shown in Fig. 

16. Since the coefficient is proportional to the plastic deformation resistance of material 

[18], it can be concluded that irradiation raises the ductility of the coatings without reducing 

their mechanical properties. 

 

 

 

E
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E
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a 

 

 
b 

Figure 11. AFM-images of the surface of AN-35 (a), PG-19N-01 (c) plasma detonation coatings after 

irradiation. 
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a 

 

 
b 

Figure 12. (Continued). 
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c 

Figure 12. The curves of distribution of microhardness in the PG-19N-01 (a), PG-AN-33 (b) and AN-

35 (c) coatings with depth: before irradiation - the lower curve and after - the upper curve. 

 

 
a 

Figure 13. (Continued). 
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b 

Figure 13. Wear curves obtained on the substrate (1), the initial coatings (2) and after modification of 

the powder coatings PG-19N-01 (a) and AN-35 (b) by irradiation (3). 

 
a 

Figure 14. (Continued). 
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b 

Figure 14. Comparison of mechanical properties: E, GPa (a), H
3
/E, GPa (b) of the PG-AN-33 (1) PG-

19N-01 (2), and AN-35 (3) modified coatings: and the substrate. 

The method of energy dispersive spectral analysis registers the penetration of Ni and Si 

from the irradiated Ni-based coatings into the substrate. The modified form of the coating 

boundary with the substrate and the distribution map of the corresponding elements for the 

PG-10N-01 coating is shown in Fig. 15. The microstructure of the PG-AN-33 coating after 

irradiation is shown in Fig. 16. It features the fine-grained homogeneous microstructure with 

an average grain size of 2 microns (Figure 16).  

 

 
a 

Figure 15. (Continued). 
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b 

 
c 

Figure 15. The image of the cross-section of the PG-10N-01 coating on the steel substrate after electron 

irradiation (a) and the corresponding map of the Ni (b) and Si (c) distribution in the coating and the 

substrate. 

The improvement of the operational properties of the coating is firstly accounted for the 

achieved increase of the width of the diffusion zone between the coating and the substrate. 

The penetration of Ni and Si from the irradiated Ni-based coating into the substrate is 

confirmed experimentally (Fig. 15). The diagrams of microhardness distribution with depth 

(Fig. 12) show the increase in the microhardness values in the transition layer between the 

coating and the substrate, which also confirms the increase in the width of the diffusion zone. 

The Ni and Si depth of penetration in the substrate makes more than 100 microns (Figure 15). 

Secondly, the microhardness of the coating increases on account of the increase of the total 

volume fraction of intermetallic phases in the coatings after irradiation (Table 4). 
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Figure 16. The microstructure of the PG-AN-33 coating after irradiation. 

Thirdly, the formation of a rather homogeneous fine-grained structure in the irradiated 

coatings (Figure 17) indicates the homogenization of the coating structure. The increase in 

wear resistance (Figure 13) indicates an improvement in coating adhesion to the substrate. 

Thus, there is fair conformity between the experimental results with the acceleration of 

diffusion processes expected on the basis of a model experiment. We expected development 

of radiation-enhanced diffusion in the absorbing materials during irradiation; but without 

experimental measurement of diffusion coefficients we are unable to predetermine the 

contribution of one or another factor in the acceleration of mass transfer except that by 

circumstantial evidence. Paper [54] indicates that electron irradiation usually leads to 

migration of vacancies in the irradiated material, which may, in its turn, lead to redistribution 

of dissolute atoms. It [54] also emphasizes that in austenitic Fe-Cr-Ni alloys Ni interacts with 

vacancies least of all, so it enriches the areas around the effluents; chrome, a fast diffusant, 

migrates towards the vacancy flow (i.e., in the direction opposite the effluents); silicon, which 

is strongly connected with interstitial atoms, moves to the effluents along with them. TEM 

investigation [54, P.150] has pointed out that the effluents in point defects are pores, surfaces, 

dislocation lines and dislocation loops, and grain boundaries. We believe that the observed 

according to Fig. 3 Ni and Si distribution in the Fe-based substrate and the coating after 

exposure, is consistent with the described phenomenon of Ni and Si migration to the 

effluents, which are plenty in the boundary zone between the coating and the substrate. Thus, 

the experimentally observed redistribution of the coating elements into the substrate due to 

electron irradiation is consistent with the observed and theoretically described by other 

authors‘ phenomenon of radiation-enhanced diffusion. 

Our results are in good agreement with the data of other authors, who note, firstly, the 

formation of a polycrystalline matrix of crystallographically disoriented nanograins in films 

[21] and in protective coatings [55, 56], including plasma-detonation coating [3-5]; secondly, 

indicate the formation of intermetallic compounds under irradiation of coatings [2-4]; thirdly, 
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notice the radiation-enhanced diffusion in materials with an fcc lattice during irradiation, 

leading to heating up to the temperatures we specified [54]. 

 

 

CONCLUSION 
 

The model of structure for plasma-detonation deposited powder coatings was developed. 

Computer simulation of temperature distribution in depth from the surface of two-layer 

metals under plasma jet o re-beam irradiation depending on the irradiation parameters and 

conditions was carried out. On the basis of calculations the authors offer the irradiation modes 

that do not cause excessive heating of a coating, but at the same time lead to changes in the 

phase composition (formation of reinforcing particles) and to improvement of adhesion of 

coatings to the substrate due to acceleration of diffusion processes between the coating and 

the substrateresult in melting of a coating surface.  

The irradiation of the coatings by a DC e-beam or DC pulse plasma jet according to the 

recommended modes leads to the evolution of the structural-phase state of coatings: an 

increase in the size of the diffusion zone between the coating and the substrate, an increase in 

the volume fraction of hardening intermetallic phases, the formation of a sufficiently 

homogeneous fine-grained structure in the irradiated coatings and, consequently, a significant 

increase of hardness, corrosion and wear resistance of modified coatings. The observed 

redistribution of the elements of the coating into the substrate indicates the acceleration of 

diffusion processes during irradiation (presumably of the radiation-enhanced diffusion). 

The Co and Ni- based coatings after duplex treatment can be used for protection of valves 

and other components working in aggressive environments and in condition of high friction 

due to the increased microhardness and reduction of surface roughness. It can be used for the 

parts of cutting tools, dies, ball bearings, etc. 
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