
Abstract. The review is concerned with the current status of
research on the use of plasma jets for the modification of sur-
face properties of metalware, as well as of investigations of
doping and mass transfer of elements. The effect of thermal
plasma parameters on the efficiency of surface processing of
metal materials is discussed. The structure and properties of
protective coatings produced by exposure to pulsed plasmas are
analyzed. A new direction for the production of combined coat-
ings is considered. Their structure and properties were studied
by the example of Fe, Cu, steels, and alloys, including titanium
alloys; the modification process was shown to be controllable by
the action of pulsed plasma jets. The physical factors that affect
the modification process and the coating deposition, and their
effect on the structure and properties of metallic, ceramic ±
metal, and ceramic coatings were analyzed.

1. Introduction

Thermal plasmas in a local thermodynamic equilibrium can
be produced by a high-intensity arc discharge (the current
I > 300 A) or a radio-frequency discharge (RFD) for a high
power density and pressures exceeding 10 kPa (0.1 atm). In
such plasmas, the electron and heavy-particle temperatures
are equal and the density depends only on the temperature
(chemical equilibrium). The 1960s saw the beginning of
intensive development of thermal plasma technology, and
by the 1980s, the main area of its application took shape Ð
materials technology. Since the end of the 20th century,
material processing by thermal plasmas has attracted the
progressively increasing attention of researchers for the
solution of applied problems, including applications in
different branches of the industry.

2. Material processing by thermal plasmas

Material processing by thermal plasmas is employed to
produce coatings and modify material properties, which is
one of the main, most significant physicotechnical problems
of material technology. This area embraces not only the
development of new materials but also the purification of
materials being used, material conservation (by way of hard
lining, deposition of coatings, etc.), and development of new
processing techniques that are higher in energy efficiency,
more productive, and cause less damage to the environment.
High-temperature plasma processing now plays an important
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part in the advancement of these directions. Its potential for
the development of new material-related technologies is
universally recognized, and many scientific laboratories
throughout the world are already engaged in research in this
interesting area.

Powder compaction, plasma deposition of protective
coatings, production of composite coatings Ð these are
typical examples where plasma is employed as a high-power
thermal source. Worldwide, the cost of work using plasma
deposition is estimated at millions of dollars annually. This
technology is employed primarily in the aircraft industry,
medical prosthetics, mineral processing, and the chemical
industry.

Wire-arc deposition is an inexpensive and efficient way of
depositing coatings on metals and alloys. It is attracting
increasing attention of automakers. Although the method of
coating metal and alloy surfaces by way of chemical vapor
deposition using high-temperature plasmas is still in its
research and development stage, its industrial employment
is highly promising, because it allows obtaining high-quality
ceramics, diamonds, and superconducting films.

Yet another area that has gained acceptance nowadays
and has been very promising is the plasma synthesis of fine
powders of different chemical compounds, including metal
oxides, carbides, nitrides, borides, and their combination. To
date, of practical interest are nanometer-scale particles, which
are the key element for obtaining high-performance engineer-
ing materials.

2.1 Powder compaction with the aid of thermal plasmas
Powder compaction is one of the simplest and most success-
fully advancing technologies of material processing. This
includes the in-flight melting of a material into macroparti-
cles and its subsequent cooling and freezing, which takes
place before it is deposited on the bottom of a compaction
chamber or in the corresponding collector, depending on the
density of particles and their size. Using either a direct current
(dc) or inductively coupled plasma burners [radio-frequency
(RF) burners], compaction and spheroidizing are performed
on a wide diversity of materials ranging from metals with a
low melting point (like copper and nickel) to ceramic oxides
(like aluminum oxide and yttrium-stabilized zirconium oxide)
and refractory metals (like molybdenum and tungsten).
Figure 1 shows typical photographs for aluminum, molybde-
num, and tungsten powders (the average particle diameter
ranges from 45 to 76 mm). These images, which were obtained
with the aid of an electronmicroscope, reveal themorphology
of individual particles prior to and after compaction by
inductively coupled RF plasma burners.

2.2 Coating deposition by thermal plasma action
The plasma-assisted deposition of metal, ceramic, and
composite material coatings is a well-proven technology,
which is now employed to deposit protective coatings and
composite materials on an industrial scale. Many applied
problems have been solved in aerospace and chemical
industries with the use of this technology during the past
decade. A typical example is provided by the plasma
deposition of yttrium-stabilized zirconium as the heat-
protection coating for turbine blades and liners (valves,
inner walls) of jet combustion chambers. Antiwear WC-Co
or Cr2O3 coatings are also finding increasing use in machine
building. Another example of the industrial application of
plasma deposition is the deposition of titanium alloys and

hydroxylapatites on hip joints, furnishing stronger and more
durable connections to bone tissue in comparison with those
obtained by chemical cementation.

In the majority of these approaches, the alternating
current of a plasma burner is used as a heat source, such
that the powder is melted in its flight, prior to its deposition
on the substrate surface. The process is effected in different
gaseous media (Ar, Ar/H2, Ar/He, etc.) at atmospheric or
reduced pressure, depending on the chemical composition of
the material being deposited. Today, for plasma-deposited
coatings and coating deposition, inductively coupled radio-
frequency plasma burners are used. Their main advantage
consists in the chemical diversity of the plasma gas
employed. All this was made possible due to the absence of
electrodes, which allows operating in a neutral, oxidizing, or
deficient medium (atmosphere) at atmospheric or reduced
pressure. It is possible to effect reactive coating deposition,
depending on the chemical composition of the plasma gas. In
this case, the chemical composition of the resultant coating is
different from the initial material. Figure 2 is a schematic
representation of the main concepts involving direct current
and inductive radio-frequency plasma coupling in coating
deposition. This subject has been the concern of several
papers [1 ± 5].

Wire-arc (WA) deposition is an energy-efficient process,
which is the most efficient process in the case of the thermal
method of coating deposition. It is widely used in the coating
of engineering structures for their corrosion and wear
protection [5, 6]. The heat generated by an electric arc
initiated between the ends of two wires melts these ends. The
molten droplets are carried by the high-speed gas jet and act
on a substrate to form the coating (Fig. 3). The wires are
continuously fed to ensure a constant gap.

Recent developments in the area of wire-arc deposition
have advanced this technology, allowing the production of
high-quality coatings [7 ± 9]. This technology makes use of air
atomization. Its main advantages consist in accessibility and

Figure 1. Electron-microscope images of the initial (left) and plasma-

compacted (right) aluminum (upper row), molybdenum (middle row), and

tungsten (lower row) powders.
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saving compressed air. In the course of air atomization in the
wire-arc deposition, the content of oxide in the coating being
deposited is relatively high owing to the oxidation of molten
wire material, which increases the coating hardness to the
extent that the abrasive resistance is improved.

However, the oxide content may be a limiting factor as
regards high-quality coating production, because the oxides
may decrease the coating ± substrate adhesion strength. Coat-
ings with a weak adhesion may prematurely exfoliate during
operation. In addition, the hard oxide particles that reside in
the volume of deposited coatings may present a problem
during mechanical processing. Furthermore, the coatings
deposited with air atomization quite often exhibit a high
porosity, which is a disadvantage, because the corroding
liquids have access to the substrate through the coating,
thereby reducing its protective capacity. Yet another dis-
advantage of air atomization is the burning-out of alloying
elements (like Cr and C) contained in the initial wires. These
elements are significant ingredients for obtaining the requisite
coating characteristics. Owing to their burning-out, specific
coating characteristics become impossible to obtain. That is

why rare gases and CO2 came into use as the atomizing gas.
However, even a CO2-assisted deposition may result in a
strong oxidation of the coating due to penetration of large
amounts of air. Moreover, the ingress of large amounts of air
can lead to a strong decrease in the temperature and the
velocity of the gas flow. To avoid the ingress of air, the
atomizing gas flow should be protected from the ambient
atmosphere.

Research in the University of Minnesota on wire-arc
deposition of stainless steel on aluminum substrates employ-
ing CO2 as the atomizing gas and CO2 as the protection
showed that it is possible to significantly lower the content of
oxides for minimum losses of chromium in the coating and a
simultaneous lowering of the porosity level [10].

In the course of thermal plasma chemical vapor deposi-
tion (TPCVD), a high-energy thermal plasma (with the
temperature up to 104 K and above) forms precursors of a
high-density evaporative phase for the deposition of relatively
thick films. Although the TPCVD technology is still in its
infancy, it will be used in the cases that are intermediate
between slow deposition processes, like plasma-assisted
strengthening or physical coating deposition in the form of
low-density vapor and CVD, and high-rate high-temperature
coating deposition (discussed below in our work).

We consider a typical TPCVD scheme for diamond film
deposition. A dc plasma burner generates a high-temperature
high-speed plasma jet, which collides with a cooled substrate.
At temperatures close to the burner temperatures at the
nozzle outlet, which exceed 104 K, the initial material
injected into the plasma is rapidly vaporized, dissociates,
and is accelerated towards the substrate owing to the high
velocities (of the order of 1000 m sÿ1). A boundary layer
characterized by steep temperature gradients is formed in
front of the cooled substrate. This thin boundary layer and
the strong temperature gradients are favorable for the
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attainment of the goal pursued. Specific properties of the
plasma jet, which collides with the substrate, in combination
with a fixed substrate temperature, determine the properties
of the boundary layer, including its thickness. Because the
boundary layer thickness, like the substrate temperature,
affects the gaseous phase and the chemical composition of
the surface, these parameters determine the rate of film
deposition and its quality.

Owing to intense nonuniform substrate heating by the
plasma jet, maintaining the nonuniform temperature is not a
simple task. To attain uniformity, the use of different
substrate cooling schemes, the organization of the corre-
sponding plasma movement relative to the substrate, and
the application of numerous burners have been proposed.
Apart from the WA plasma jet, use was made of radio-
frequency, hybrid, and microwave types of plasma. To
increase the plasma volume, the plasma burners were
arranged as described in Ref. [11].

However, the coating deposition regimes in each of these
reactors are quite similar to the regimes of deposition of
special films. The type of coatings produced by TPCVD
embraces rather thick films (> 10 mm), which are impossible
to deposit at high rates by othermeans, because thematerial is
not in the liquid phase at normal pressure. Examples of such
coatings are provided by a diamond coating and an SiC
coating. Thin films Ð epitaxial or film with a high degree of
orientation, for instance, superconducting filmswith a highTc

or yttrium-stabilized zirconium filmsÐare required for other
purposes. The TPCVD method has attracted interest thanks
to the superlattice properties of diamond, because themethod
hasmade it possible to attain higher linear film growth rates in
comparison with all other methods used at present [12 ± 14].

2.3 Powder synthesis with the aid of radio-frequency
thermal plasma
Among the numerous methods employed to fabricate fine
powders, the radio-frequency plasma synthesis of fine
powders, especially of refractive materials, furnishes very
high temperatures and strong temperature gradients, and is
attractive and chemically simple.

Furthermore, the supersaturation of the vapor, which
provides the driving force for particle condensation, is very
strong, resulting in the production of ultrafine particles for a
homogeneous nucleation (activation centers). Ceramic pow-
ders like coroids, nitrides, oxides, and solid melts are well
synthesized in radio-frequency plasma reactors. Today, this
technology is known as RF-plasma synthesis, whereby the
RF plasma serves as the processing medium. To synthesize
thin powders, use is made of the RF plasma produced as a
result of high-intensity arcs (alternating or direct current) and
high-frequency (radio- or microwave-frequency) discharges.
The latest advances in the development of new reactors and
process upgrade have allowed a significant quality improve-
ment of the powders produced by the RF-plasma method.
The improvements were realized due to the use of a radio-
frequency, hybrid dc reactor [15], reactive submerged arcs
(RSAs) [16], numerous plasma jets, and liquid injection
plasma reactors with a counterflow. They are all aimed at
attaining the maximum possible heating temperatures, the
maximum intermixing, and the longest duration of the
material presence in the plasma. To synthesize thin films,
use is made of either the discharge itself or the plasma plume
of the discharge along the flow. The reagents in the plasma
RF discharge may be gases, liquids, or solid substances prior

to their injection into the plasma. For metals, however, the
source gaseous phase is strictly limited. That is why the
reagents most frequently employed in high-temperature
plasma synthesis are solid substances. A liquid injection
method was developed several years ago, which allowed
overcoming the difficulties associated with the injection of
solid materials, with the result that gaseous reagents gained
advantage [17].

In this instance, a conventional radio-frequency plasma
burner produces a high-temperature plasma jet of a rare gas,
as a rule. The ionized source material in the liquid state is
injected through an opening located opposite the plasma jet.
The source material is in the form of a fine mist traveling in
the direction opposite to the plasma jet, with the result that a
permanently circulating vortex flow forms. This constant
circulation increases the duration of the presence of the
starting material in the relatively hot zone to ensure its
complete vaporization and dissociation. The rapidly cooling
flow issuing from the hot zone causes the supersaturation of
the dissociated vapor of the source material, which in turn
results in the attainment of the desired chemical composition
and the production of fine powder particles by way of
homogeneization. The powder accumulates in the water-
cooled collector chamber and on the filter located at the
outlet from this chamber. The same basic principle is also
used in other reactors and other liquid feedstock.

The majority of earlier work on oxide synthesis was
carried out on binary compounds. For many years, the
large-scale production of TiO2 (a pigment) was effected with
arc gaseous heaters of the megawatt range.

During the past 12 years, with the progress of liquid-
injection plasma synthesis technology with the aid of dc and
RF plasma, it has been possible to synthesize multicompo-
nent (three-, four-component, and more) solid oxide solu-
tions, including aluminites, `ferugits', and chromites [17 ± 20],
as well as high-temperature oxide superconductors [17, 21 ±
25]. Apart from the production of `exotic' oxide compounds,
the sphere of application of thermal plasma synthesis of
oxides has been minimal.

At the same time, a serious and sustained effort went into
developing the RF-plasma synthesis of nonoxide ceramic
powders. Considerable interest was shown in nitrides, then
carbides, and lastly borides. The reagents employed most
widely for the RF-plasma synthesis of nonoxide ceramics are
hard materials and halides. To obtain pure ultrafine powders
of ceramic materials, electroarc and nonelectrode radio-
frequency plasma reactors were developed. A good showing
was made by new plasma reactors that used multiple burners
or combined and generated dc and RF plasmas, as well as by
new approaches to the realization of synthesis. For more
details, see the investigation reported in Ref. [26].

Those materials whose structure is made up of particles
ranging in size from several to several dozen nanometers
exhibit properties that are substantially different from the
properties of the same materials with a higher grain size [27].
An example of these distinctions is provided by a higher
hardness, improved plasticity, and also peculiar optical and
electronic properties of the materials. A radio-frequency
plasma synthesis is an efficient method of generating
ultrafine particles, as noted above. The cooling rates in
plasma generators are the crucial parameter, which deter-
mines the dynamics of particle production and growth [28].

Grishick andChiu [29] described experiments in which the
plasma-bearing source material in the vaporous state
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expanded through a supersonic nozzle with a heated ceramic
wall. This system implies the configuration of a one-
dimensional flow with one-dimensional temperature gradi-
ents along the nozzle flow, which results in a high uniformity
of the cooling rate. In addition, the employment of a nozzle
furnishes higher cooling rates than other methods. With the
aid of this system, it has been possible to synthesize ultrafine
SiC particles (using SiCl4 and CH4 as the reagents). Accord-
ing to experimental data, the particles thus produced exhibit
narrow distribution peaks of the order of several nanometers.
The average diameter of SiC and Si particles measured about
8.5 nm, and 90% of the particles were under 16 nm in
diameter [30].

2.4 Production of pulsed plasma jets
At the end of the 20th and early in the 21st century, there
formed a new direction in the use of thermal plasmas Ð
pulsed plasma detonation technology. This technology
furnishes high coating quality and high deposition rates, is
higher in efficiency due to the pulsed nature of deposition and
low reagents consumption, and enhances the capabilities in
the solution of basic and applied problems.

The modern technique of high-quality coating deposition
follows the path of developing methods that provide a high
speed of the material being deposited through the use of
detonation devices [30, 31], rocket combustion chambers of
different types [32, 33], and electromagnetic railotrons [34,
36].

Research shows [37] that having velocities of metal-based
alloy particles up to 600 ± 1000m sÿ1 would suffice to produce
a dense coating with a good adherence to the surface of an
article even without heating.

In devices where the high-speed jet of combustion
products is produced in rocket combustion chambers, no
less than 10 m3 of gas is expended to deposit 1 kg of tungsten
carbide-based coatings [33]. The highest velocity of particles
45� 10 mm in diameter amounts to 600 ± 650 m sÿ1. 30 ±
150 m 3 hÿ1 of combustible mixture goes to form a high-speed
flow of combustion products in combustion chambers (CCs).
However, the coating production rate and the coating quality
do not grow, as a rule, in proportion to the thermal power
[32]. The large volume of combustion gaseous mixture
components is required, generally speaking, only to produce
the high-speed jet of combustion products, but the problem of
uniform powder material distribution over the jet section has
not been solved, and therefore the problem of efficient use of
energy remains to be solved.

Electromagnetic methods of powder acceleration and
heating are under development [34 ± 46]. In electromagnetic
railotron-type accelerators, the acceleration and heating of
the working gas and the powder are effected under the action
of ponderomotive forces emerging in the passage of current
through the electrodes (rails) and the conducting gas layer
(plasma). The energy transferred to the plasma is propor-
tional to the current strength. To attain a velocity of 2 ±
4 km sÿ1 requires a current strength of 150 kA. In this case, the
duration of acceleration is equal to 120 ms and the plasma
temperature amounts to 20,000 �C [38].

A more successful type of railotron employed for coating
deposition was proposed in Refs [34 ± 36]. The velocity of the
plasma `piston' in this axial railotron ranges up to 10 km sÿ1

for a current strength of 20 kA. At the railotron output, the
plasma velocity amounts to 4 km sÿ1, which provides the
powder acceleration and the production of a high-quality

coating on the basis of tungsten carbides and aluminum
oxides.

The arc localization in the plasma layer (piston) and the
erosion of electrodes (rails) limit the range of applicability of
electromagnetic systems.Moreover, they use complex devices
for switching 20 ± 150 kA electric currents with the repetition
rate 2 ± 10 Hz, which limits their reliability and operability.

Gas detonation systems intended for a coating deposition
[30 ± 32, 39] furnish the velocity of deposited powders up to
1000m sÿ1 and their heating to themelting temperature at the
same productivity as rocket combustion chamber-based
devices, but have a thermal power dozens of times lower.
The high-speed gas jet in detonation devices is formed
through the realization of a detonation combustion regime
and is independent of the volume of combustible mixture.
Despite these advantages, the detonation coating deposition
technology does not enjoy wide use owing to the complexity
of the devices intended for dosing and feeding the powder
material. In addition, the detonation devices are limited in the
power of a unit pulsed jet of combustion products, which
lowers the reliability of the coating deposition technology.

The known detonation devices intended for coating
deposition [30, 31, 35, 36, 40] differ primarily by the method
of feeding the powder being deposited and the gases into the
combustion chamber. Devices have been built for coating
deposition employing a side powder feed and gas-dynamic
control systems [39]. The gases and the powder are introduced
into the combustion chamber periodically on the lowering of
pressure following the ejection of the high-speed jet of
combustion products.

2.5 Description of the method of high-energy plasma jet
production
Of all the known equipment employed to produce pulsed
plasma jets, one can mark out accelerators with railotron and
coaxial geometries, which are most efficient for surface
modification and coating. The experimental and theoretical
investigation of pulsed accelerators with railotron and coaxial
geometries is adequately represented in monograph Ref. [36].

A new direction in the technology of surface modification
and coating is presently being developed, which relies on
electromagnetic accelerators of the combustion products of
combustible gaseous mixtures [41 ± 48].

Tyurin and Pogrebnyak [31] (Fig. 4a) came up with the
idea of mixing the combustible mixture components and
initiating detonation in a special chamber 1 located outside
the pulsed plasma generation device Ð a plasmatron. The
plasmatron consists of an inner conic electrode 2 and an outer
electrode-cathode 3. By the use of high-voltage source 5, an
electric field E is induced in the interelectrode gap 4 of width
l between the two coaxial electrodes. An expendable metal
rod 6 is built into the central electrode. The rod is, as a rule,
made of refractory metals and alloys. The pulsed plasmatron
contains a barrel intended for accelerating and heating the
powder. The barrel length H is selected depending on the
elemental composition and dispersion of the powder. For the
deposition of a hard alloy, the barrel length is H � 300 mm.
The powder is blown into the barrel through piping 8.

The components of combustible gaseous mixture are fed
to the detonation chamber 1. The mixture's detonation is
initiated upon their mixing. The combustion products are
then delivered from the detonation chamber 1 to the
interelectrode gap 4 and close the electric circuit of a source 5.
The electrically conducting layer of combustion products is
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accelerated under the action of gas-dynamic and electromag-
netic forces. The powder introduced into barrel 7 is heated
and accelerated by the pulsed plasma. The metallic expend-
able rod 6 vaporizes on heating to feed the doping elements
into the plasma jet.When the pulsed plasma jet is ejected from
the plasmatron, it closes the electric circuit between the
electrode (anode) and the surface of an article (cathode). As
a result of electric current passage through this jet, a pulsed
magnetic field is formed, and the plasma and the powder are
also heated due to Joule heat release.

The energy parameters of a pulsed plasma are determined
through solution of the well-known two-dimensional transi-
ent propagation problem of a detonation wave (DW) in the
electric field between two coaxial bodies of revolution
(electrodes). This problem was simplified, and the average
temperature, velocity, pressure, and combustion product
density values along the axis of the working chamber (WC)
were obtained neglecting the variation of its cross section [49,
50].

The geometric and energy parameters of the two-dimen-
sional transient DW propagation problem were averaged
over the interelectrode gap width of the WC as

hX i � 1

h

�h
0

X dh ; �1�

whereX takes the valuesB,E, j,w, . . . ; h is the averaged width
of the annular gap; B is the magnetic induction; E is the
electric field strength; j is the electric current; and w is the
plasma flow velocity.

Integration of expression (1) was performed along the
normal to the electrode surface. The calculated parameters
depended only on the time and the distance along the WC
generatrix to the point of DW initiation, denoted by l. The
WC length is taken to be equal to L. In the approximation
adopted, the position of the DW front is characterized by the
function l � lD�t� and the DW velocity by the equality
D � dlD=dt. The surface of the DW front was divided into
segments normal to the surface of the WC electrodes. The
DW gain is determined from the equation

MD � D

a0
� 1

a0

dlD
dt

; �2�

where a0 is the energy gain in the DW owing to the input of
electromagnetic energy.

We assume that the electric current h j i and field strength
hE i vectors are perpendicular to the generatrix of the
electrode surface and the plasma jet velocity vector hwi is
parallel to it. The substantiation lies with the narrowness of
the interelectrode gap (h � 6ÿ8 mm) [51].

The gas flow in the channel behind the detonation wave is
described by a system of partial differential equations with the
inclusion of geometric parameters of the WC: the WC length
L, the area of the annular gap section A, and the angle b
between the conic generatrices of the WC electrodes. To
calculate the parameters at the DW as a function of the
distance l it travels, we use Whitham's method [52]. The DW
Mach number MD �MD �l � is defined by the solution of the
differential equation with the inclusion of the integration
constant (the acoustic characteristic c�). The gas-dynamic
parameters are expressed in terms of the Mach number of a
stationaryDW.We combine the equations of gas dynamics to
obtain the system of equations

dP

dl
� ra

dw

dl
� jh

w� a

�
gÿ 1

s
jh � a

c
B

�
ÿ gPw
w� a

1

A

dA

dl
;

�3�

�w� a� d

dl
� q

ql
� �w� a� q

ql
; �4�

where g is the adiabatic exponent of combustion products;
P and r are the pressure and the density;w is the average value
of gas velocity behind the DW; a is the energy gain of the gas
behind the DW due to the input of electromagnetic energy;
jh is the electric current; s is the plasma conductivity; c is the
dimensionless constant related to the total density of positive
ions; and l the current length of the WC.

The following parameter values are substituted in the
equations: B � 0, jh � sE0. Here, E0 is the averaged electric
field strength vector in front of the DW. It is equal to the
potential difference across the electrodes divided by the width
of the annular gap.

We introduce new dimensionless variables Z and x in lieu
ofMD and l:

Z �
�����������������
1ÿ M2

j

M2
D

s
; x � l

L
: �5�

From the known valueZ � Z�x�, we find formulas for the
calculation of gas-dynamic parameters behind the DW:

D � a0Mj���������������
1ÿ Z 2
p ; �6�

P � P0M
2
j g

�g� 1��1ÿ Z� ; �7�

r � r0�g� 1�
gÿ Z

; �8�

U �Mja0
g� 1

�������������������������������
�1� Z��1ÿ Z�

p
; �9�

T � T0M
2
j �gÿ Z�

�g� 1�2�1ÿ Z� : �10�

In formulas (5) ± (10), MD is the detonation Mach number,
P is the pressure, r is the plasma density, U is the total
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Figure 4. Schematic of a pulsed plasma device invoking the electromag-

netic principle of introducing additional energy: (a) diagram of a

plasmatron for producing a pulsed plasma jet: PC Ð plasma channel,

SCL Ð shock-compressed layer, PJ Ð plasma jet, RC Ð reaction

chamber; plot of electric intensity variation (L is the RC length).
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velocity, T and T0 are the respective plasma temperatures
upon enhancement by electromagnetic field and without the
field. The functionZ�x� is determined by solving the ordinary
differential equation

l
�
1� Z�

���������������������������������
g�gÿ Z��1� Z�

p � dZ

dx

� K �1ÿ Z�2
���������������
1ÿ Z 2
p

ÿ g �1ÿ Z 2� 1
A

dA

dx
; �11�

where

l �
���������������������������������

g
�gÿ Z ��1� Z �

r
;

which is integrated in elementary functions.
In the calculation of the geometric parameters of a pulsed

plasmatron, we take g � 1:2 the adiabatic index of combus-
tion products; Mj � 5:0 the Mach number of a stationary
DW; r0 � 1 kg mÿ3 the initial density of combustion
products; and E0 � 35 V mÿ1 the electric field strength in
the interelectrode gap. A � A�l � is the total area of the
annular gap perpendicular to the WC axis.

We perform numerical integration of the ordinary
differential equation subject to the initial conditions
Z�x� � 0. The solution Z�x� is represented in implicit form.

We write the solution of Eqn (11) as a formula for
calculating the energy gain coefficient. For dA=dx � 0, the
parameter K is a scaling parameter,

K � dE 2
0 �gÿ 1��g� 1�2L

ga0r0M
3
j

; �12�

where

d � c
�kT �3=2

e2 lnD
�����������
8pme

p : �13�

Here, k is the Boltzmann constant; t is the temperature; me

and e are the electron mass and charge; and lnD is the
Coulomb logarithm, whose value depends on the tempera-
ture and the degree of plasma ionization in the WC.

In the numerical integration, we neglect the variability of
lnD and put lnD � 10. We also assume that the cross section
of the annular gap is invariable, dA=dx � 0, and
E0 � 35 V mÿ1. The resultant formula for the scaling
parameter is

K � K0
�gÿ Z�3=2
�1ÿ Z�3=2

: �14�

The calculated distribution of the increase in the tempera-
ture T and the Mach numbers Mj and MD of the gas behind
the detonationwave front over the length of the interelectrode
gap of the reaction chamber l=L for different values of the
electric field strength E corresponds to the observed one, and
when l=L � 1, the maximum temperature is equal to about
3:0� 104 K for the gap length about 40 mm. The plasma jet
energy increases nonlinearly. Its peak values are reached at
the plasmatron output.

An analysis of formulas (6) ± (14) shows that the tempera-
ture, the pressure, the velocity, and the density of the pulsed
plasma jet can be varied within wide limits. These parameters
depend on the WC length, the cone angle, the interelectrode
gap width, and the electric field strength.

The results of numerical integration of the ordinary
differential equation showed that increasing E0 engages the

second factor in DW accelerationÐ the release of Joule heat.
We assume that the conductivity behind the DW is due to the
electrons. In this case, the acceleration of the wave is
accompanied by a temperature increase, which in turn leads
to an increase in the velocity and the density of the plasma jet.
The field intensity in the WC decreases lengthwise of the
plasma piston motion, which is related to the lowering of the
voltage across the capacitor plates and the broadening of the
interelectrode gap, with the conductivity of the plasma layer
increasing in this case. This stabilizes the consumption of
energy from the converter capacitors and ensures the
smoothness of energy input into the DW. For the initial
electric field strength above 100 V mÿ1, the rate of plasma
conductivity growth is high and 100 mm of theWC length are
sufficient for its breakdown by electric discharge to occur.

The energy characteristics of the pulsed plasma jet are
most efficiently controlled by the length of the working
chamber. By varying the WC length, it is possible to obtain
the following technological characteristics of the pulsed
plasma: the jet power density in the range between 104 and
107 W cmÿ2, the temperature from 5� 103 to 3� 104 K, and
the velocity from 2000 to 8000 m sÿ1. The highest energy of
the plasma jet in a plasmatron are attained for a WC length
exceeding 0.5 m.

According to the results of investigations conducted, the
plasma jet velocity changes only slightly when the WC length
is varied between 0.3 and 0.5 m, which was taken into
consideration when optimizing the dimensions of a plasma-
tron intended for coating deposition. The pulsed plasmatron
[39, 40, 49] is intended for modifying the surface of articles
and for gas-thermal deposition of high-quality coatings of
metals, hard alloys, and metal oxides.

The components of combustible mixture and powder
materials are continuously fed to the plasmatron, which
reduces the price of the coating technology and the technolo-
gical devices.

3. Modification of the properties of metals,
alloys, and surface layer hardening using a
pulsed plasma jet

3.1 Doping and mass transfer due to the action of a pulsed
high-speed jet
The authors of Ref. [53] doped a-Fe with the aid of an Mo
electrode in the processing by a pulsed high-speed jet. The
parameters of sample processing regimes are collected in
Table 1.

An X-ray phase analysis suggests that the main phase
upon exposure is SCC-Fe (the space-centered crystal lattice
with d � 2:866), and there additionally forms the Fe7Mo6
phase with the lattice parameters 2.157 (2.15); 2.086 (2.08);
1.811 (1.80), and the FeMo phase with the parameters 2.157

Table 1. Sample processing regimes.

Num-
ber

Mate-
rial

Number
of pulses

Distance,
mm

Frequency,
Hz

Depth,
mm

Capaci-
tance,
mF

1
2
3
4

a-Fe
a-Fe
a-Fe
a-Fe

4
10
15
20

40
40
40
40

1.5
1.5
1.5
1.5

30
30
30
30

800
800
800
800
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(2.14); 2.086 (2.09) is possible (the data in parentheses were
borrowed from a reference book).

Figure 5 shows the energy spectra of Rutherford ion
backscattering obtained for a-Fe upon exposure to the
plasma jet (a) and the spectra of elastic resonance with
protons in the region Ep � 1745 K (b) obtained for the same
sample. In the spectrum in Fig. 5a, one can see the (kinetic
factor) boundary for Fe and for Mo, the spectrum broad-
ening in the lower part on the right side, while the formation
of a small shelf is an indication that a FeMo2 compound in a
surface layer approximately 300 nm in thickness forms.

Furthermore, a carbon peak is clearly seen in the spectrum
obtained using the proton resonance.

Figure 5c also shows the spectrum of elastic resonance
with protons for an Fe sample processed with a larger number
of pulses. Referring to the spectrum, along with the growth of
carbon and nitrogen densities in the surface layer, oxygen
density near the surface increases (about 40 at.%). A further
increase in the number of pulses leads to a still greater increase
in the oxygen density at the surface. A different picture is
observed for the doping element (the product of erosion and
vaporization of the electrode). The density of Mo was found
to be highest near the surface (i.e., in the layer up to 10 mm in
thickness). For 10 pulses, the limiting Mo density is equal to
about 8 at.%, and its peak is located at the depth about 7 mm
from the surface.

The carbon density was shown to increase only slightly
with the number of pulses, while the oxygen density was
shown to amount to 40 at.% even after 15 pulses. The surface
layer doping with Mo passes through a maximum when the
number of pulses is increased from 4 to 20, attaining the peak
density about 8 at.% upon exposure of the a-Fe surface to
10 pulses of the high-speed pulsed jet.

Analyzing the structure of a transverse metallographic
section of the a-Fe sample, the authors call attention to the
fact that the flowed layer thickness amounts to 50 mm upon
exposure to 10 plasma jet pulses.

Therefore, the authors of Ref. [53] showed that employing
a plasmatron with an eroding Mo electrode makes it possible
to dope the surface layer to a depth of at least 10 mm and to
saturate (dope) the surface layer of the sample not only with
Mo but also with oxygen and carbon, as well as to fuse the
surface layer having a thickness much deeper than the doped
region.

3.2 Face-hardening and modification of titanium alloys
employing pulsed plasma technologies
The authors of Ref. [54] investigated the efficiency of pulsed-
plasma processing with samples of technical titanium VT1-0
and its alloysVT6,VT23, andVT22 using theX-ray structural
analysis method, scanning electron microscopy (SEM), and
secondary ion mass spectrometry; they also measured micro-
hardness with a diamond Vickers pyramid [54].

X-ray phase analysis showed that the VT1-0 type titanium
samples in the initial state contain only the a-phase of Ti, and
the VT6, VT22, and VT23 alloys additionally contain the
b-phase of Ti. On the surfaces of all alloys, there is an oxide
film, primarily of the natural oxide TiO2 (rutile), which is a
barrier to further oxygen diffusion inside the coating [55].
Secondary ionmass spectrometry (SIMS) clearly showsTiO+

and TiO peaks.
Pulsed plasma processing (PPP) of technically pure

titanium in the mode of fusion by six pulses with the specific
power � 1 MW cmÿ2 has led to significant structural-phase
changes in the surface layer. Comparing the diffraction
patterns recorded for VT1-0 titanium samples in the initial
state and after the PPP reveals significant changes in the
latter. First, d-TiN, e1-Ti2N, e3-Ti3N, and TiC interference
lines appear, testifying to the production of nitride and
carbide phases (Figs 6a ± 6e). The presence of titanium
carbides and nitrides was also recorded with the SIMS
technique. Considering the blur of the interference lines and
the presence of d-TiN and TiC in significant amounts, it may
be suggested that a solid solution of nitrogen and carbon in
a-Ti was formed.
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Figure 5. (a) Energy spectrum of Rutherford backscattering obtained with

the use of 4He+ with the energy 1847 keV for an a-Fe sample after pulsed

plasma processing (10 pulses, Y � 170�, # � 60�); (b) energy spectrum

obtained by themethod of elastic resonance ofEp � 1745 keV protons for

determining carbon and nitrogen densities for an a-Fe sample (the same

regime); (c) energy spectrum obtained by the method of elastic resonance

of Ep � 1745 keV protons for determining carbon and oxygen densities

for an a-Fe sample processed by the pulsed plasma jet (20 pulses).
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Second, owing to the erosion of the expendable molybde-
num electrode in the course of PPP, implantation of
molybdenum and molybdenum nitride occurred, which was
produced in the plasma jet due to the molybdenum±nitrogen
interaction, into the surface of the titanium. Molybdenum
(b-stabilizer) did not dissolve in the titanium but persisted in
the form of separate inclusions, which is attested to by the
emergence of Mo andMo2N peaks in the diffraction pattern.

Third, the intensity of TiO2 (`anagas') peaks increased
two-fold and that of TiO2 (rutile) peaks increased insignif-
icantly.

In comparison with the initial state, the PPP of the VT6
alloy in the surface fusion mode resulted in the disappearance
of the peak corresponding to the b-phase, which testifies to
the saturation of the matrix material with the a-stabilizing
elements N, C, and O, which are plasma components. The
after-PPP diffraction pattern of the VT6 alloy differs from a
similar VT1-0 titanium diffraction pattern by the absence of
the peaks corresponding to the phase e3-Ti3N. The e3-Ti3N
phase formation in the VT6 alloy was recorded only after
15-pulse processing.

The PPP of the VT6 alloy in the mode without surface
fusion resulted in surface layer saturation with plasma
components (N, O) due to thermal diffusion and plasma
impact, which affected the production of carbide and nitride
phases. The depth-nonuniform cooling of the sample favored
the production of the martensitic a 0- and a 00-phases. On the
alloy surface, there are two kinds of d-TiN: porous dark-

colored and continuous golden-yellow with the total thick-
ness less than 1 mm. Located under this layer is a layer of the
e1-Ti2N phase. The total thickness of the layermodified under
this plasma processing mode does not exceed several micro-
meters. These structural-phase changes gave rise to an
insignificant increase in the microhardness of the VT6 alloy
(1.1-fold).

In the VT22 alloy, after PPP (1 pulse), the a-Ti peaks
disappeared almost completely and the b-phase peaks
increased in intensity. The PPP of this alloy in the surface
fusion mode resulted in the formation of a nearly 100%
b-phase, with the understanding that the interstitial phase is
disregarded. This is not surprising, because the b-stabilization
coefficient Kb � C=Cmin (C is the b-stabilizer density in the
alloy and Cmin is the minimal density whereby an alloy from
the b-domain can acquire a 100% b-structure) for this alloy is
equal to 1.05 [56]. In this case, the b-phase peaks becomemore
blurred, which also testifies to VT22-alloy saturation with
plasma components. There additionally appeared medium-
intensity (200) d-TiN and (112) e1-Ti2N peaks and low-
intensity TiC peaks. The diffraction patterns obtained for
the VT23 alloy after plasma processing differ from the
VT22-alloy diffraction pattern by a higher intensity of the
d-Ti, d-TiN, e1-Ti2N, and TiC peaks.

The sectional X-ray structural analysis of an angle lap
with the aid of a scanning electron microscope showed that
the modified surface is layered in structure. Located at the
surface is structurally fine-grained d-TiN up to several
micrometers in thickness, beneath it are a thin e1-Ti2N layer
and the zone of a solid solution of nitrogen in titanium. This
zone consists of oval grains both for pure a-Ti (the VT1-0
alloy) and for (a� b)-Ti (the VT6, VT23, and VT22 alloys).
The nitrated zone thickness depends on the alloy grade. The
more b-phase contained in the initial state of the alloy, the
thinner the modified layer. The SEM data suggest that in
a� b alloys (VT6, VT22, VT23), unlike in technically pure
titanium, a transition zone in the form of morphologically
lamellar grains was formed between the gas-saturated layer
and the base metal. Considering the lamellar grains structure
of this zone, which is characteristic of the a-phase of titanium,
and the presence of martensite, which was discovered in the
VT6 alloy upon PPP in the mode without surface fusion, the
authors came to believe that the transition zone may be a
martensite phase.

To elucidate the effect of the number of pulses on phase
formation in the PPP, an investigation wasmade of VT6 alloy
samples processed by a different number of pulses (1, 5, 10,
and 15 pulses). The fuzziness of interference line peaks
decreases with an increase in the number of pulses. The
intensity of a-phase lines also decreases, while the d-TiN and
TiC line intensities increase. The decrease in a-Ti line
fuzziness and the growth of the intensities of the interference
lines d-TiN and TiC with the number of pulses is attributable
to the transition of nitrogen and carbon from the `free' state to
the bound state, i.e., to the formation of titanium nitride and
carbide.

Most likely, the growth of nitrides and carbides on the
surface depends on the diffusion rate of the saturating
element and is determined primarily by the temperature and
by the duration and the number of pulses. The presence of
oxygen substantially accelerates the diffusion of nitrogen [56].
The total content of nitrogen in the bound state (d-TiN) in the
surface layer rises up to 40 at.% with an increase in the
number of pulses.
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Figure 6. Structure of the nitrated surface layer of the VT6 alloy:

(a) conventional diagram of the structure, (b) SEM image of the zone of

the solid solution of nitrogen in titanium, (c) general structure of the

nitrated layer, (d) transition zone, (d) base.
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A morphology investigation of the VT23 alloy upon PPP
with two and six pulses performed using a scanning electron
microscope showed that there forms a relief on the surface
under irradiation. This relief has a characteristic morphology
in the form of ordered valleys and peaks, which are oriented
primarily across the motion of the plasma flowing along the
surface. In the view of the authors of Ref. [56], this is
attributable to the fact that individual shock waves, which
are generated when the solid surface is exposed to the particle
flux, collide inside the substrate to form local foci of increased
pressure [57, 54].

In the surface relief investigation of the VT1-0 titanium
and titanium alloys (VT6, VT23, VT22) upon PPP with a
different number of pulses, it was established that the relief
microgeometry is determined both by experimental condi-
tions and by the type of alloy being processed. For instance,
the VT23 alloy surface exposed to two-pulse PPP is corrugate
and exhibits a small number of gas bubbles, while the VT1-0
titanium surface processed with two pulses is friable and
porous, and exhibits a large number of gas bubbles. The
three-pulse PPP of the VT22 alloy resulted in sputtering of the
material over the surface.

Therefore, the surface relief of titanium alloys exposed to
PPP may vary from wavy to porous and may even have the
appearance of a sputtered droplet, depending on the type of
titanium alloy, the number of pulses, and their intensity. In
addition, the formation of a wavy relief gives rise to
significant stress, which may lead to the formation of cracks.

The authors believe that pulsed plasma processing can
provide excellent service properties (wear, heat, and corrosion
resistances) in combination with improvement of plasticity
and strength of the initial material.

In the microhardness measurements, when the load on
titaniumVT1-0 and itsVT6,VT22, andVT23 alloyswas equal
to 50G, no pyramidion imprints were detected on the surface,
which is an indication of the highmicrohardness of the carbide
andnitride surface layers. That iswhy themicrohardness prior
to and following the PPP was measured for a 200 G load. In
this case, the thin carbide and nitride layers are pierced
through. Here, the microhardness measurement refers pri-
marily to the gas-saturated and transition zones of the initial
material, although the carbide and nitride layers make their
contribution to the integral microhardness magnitude.

Microhardness investigations (Table 2) showed that the
maximum microhardness in the initial state is inherent in
VT22 alloy samples and the minimal one in the samples of
technically pure titanium VT1-0. A different picture is
observed after PPP: the maximum microhardness is inherent
in the samples of technically pure titanium VT1-0 processed
with six pulses in the surface fusion mode and the minimal
microhardness in the samples of the VT22 alloy. According to
Refs [54, 56], the alloy strengthening efficiency in the domain
of homogeneous a-solid solutions normally decreases with an
increase in dissolved element content. This effect supposedly
occurs because the dependence of mechanical properties of
b-alloys on the density of alloying elements is described by a
parabolic dependence rather than the linear one, and hence
the capacity of the b-alloys to harden is exhausted for a high
density of the alloying elements.

The PPP-induced rise in the microhardness of titanium
alloys is most likely caused by the emergence of metastable
martensite phases, the formation of titanium nitrides and
carbides, and the increase in the defect density and the
modified layer thickness.

3.3 Deposition of metal coatings on substrates
3.3.1 Coatings of SS 316 L stainless steel on a low-carbon steel
substrate. Figure 7 shows the energy spectra of Rutherford
4He+ ion backscattering (b) and elastic resonance with
protons (a) for coated samples. One can see from the data
obtained that the surface layer exhibits a substantial density
of carbon and oxygen and an Mo peak is additionally
observed. From the results of analysis, it was possible to
determine the densities of elements in the surface coating layer
up to 10 mm deep (Table 3). Referring to Table 3, the oxide
layer thickness amounts to about 1.8 mm, the highest density
of oxygen being about 40 at.% and of carbon about
18.5 at.%. In this case, if the well-known formula [58, 59] is
used, the ratio between theO andFe signals allows finding the
oxide stoichiometry, which is close to Fe3O4. Also observed is
redistribution of the dopant and a density lowering of Ni (to
several percent) andCr (from 3 to 8 at.% in a layer up to 1 mm
in thickness).

Figure 8 shows clearly that the coating is nonuniform and
is a mixture of domains with different susceptibilities to
etching, i.e., with different chemical compositions. The

Table 2.Microhardness of titanium alloys.

Alloy Composition State Microhardness, GPa

VT1-0 99.46% Ti
(technical titanium)

Initial
PPP by 2 pulses with fusion
PPP by 6 pulses with fusion

2.576� 0.011
6.649� 0.014
9.103� 0.017

VT6 Ti-6%Al-4%V Initial
PPP by 6 pulses without fusion
PPP by 1 pulse with fusion
PPP by 5 pulses with fusion
PPP by 6 pulses with fusion
PPP by (5+5) pulses with fusion
PPP by (5+5+5) pulses with fusion

3.696� 0.010
4.084� 0.012
5.031� 0.011
6.288� 0.013
7.688� 0.017
7.353� 0.012
8.199� 0.015

VT23 Ti-5.5%Al-2%Mo-4%V-1%Cr ë 1%Fe Initial
PPP by 6 pulses with fusion

3.425� 0.012
6.835� 0.015

VT22 Ti-5%Al-5%Mo-5%V-1%Cr ë 1%Fe Initial
PPP by 1 pulse with fusion
PPP by 3 pulses with fusion
PPP by 6 pulses with fusion

4.161� 0.010
4.972� 0.016
5.031� 0.012
5.106� 0.014
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etched metallographic section structure of the SS-400 steel
and the 316L coating is shown. Investigations showed that the
coating ± steel contact surface is highly irregular.

The SS-400 steel used as a substrate for the coating had a
polycrystalline structure on the basis of a-Fe in the initial
state. A substructure with chaotically distributed dislocations
was observed inside ferrite grains in themajority of cases. The
scalar dislocation density was 1010 cmÿ2. In individual cases,
a subgrain structure was present in ferrite grains. The steel
under investigation belongs to two-phase materials Ð the
second phase is cementite particles located inside the ferrite
grains and along their boundaries.

Figure 9 depicts the structure of steel in the zone of its
contact with the coating. As in the initial state, the steel has a
two-phase structure, consisting of ferrite grains and cementite
particles located inside the grains and along their boundaries.
In the majority of cases, a dislocation structure in the form of
cells is observed in the grains. The layer under analysis is in a
stressed state.

This is confirmed by bend extinction contours observed in
ferrite grains (see Fig. 9). Yet another feature of the state of
steel in the zone of its contact with the coating is the presence
of the second phase in ferrite grains in the form of numerous
round-shaped particles ranging from 25 to 30 nm in size (see
Fig. 9). Observed in the grains in this instance is a high
dislocation density (7� 1010 cmÿ2). An analysis of the
electron diffraction pattern (Fig. 9b) suggests that these
particles are a carbide phase of the type Me3C, (Fe, Cr)3C.

The coating in the zone of its contact with steel has a
nanocrystal structure. The crystallite dimensions vary
between 4 and 25 nm (see Fig. 9). The small crystallite
dimensions are also confirmed by the circular structure of
the electron diffraction pattern obtained from this part of the
sample. An analysis of electron diffraction patterns shows
that the nanocrystallites are an Fe3O4 type oxide.

The near-surface layer located at the depth 5 ± 10 mm from
the free surface is formed by a polycrystalline phase on the
basis of a solid solution of chromium and nickel in iron (Fe,
Cr, Ni). The crystallite dimensions range from 0.1 to 0.3 mm.

The coating layer that lies 0.5 mm from the free surface
contains a large number of particles of the�Fe3O4 type oxide
phase located inside and at the boundaries of the crystallites
of the phase (Fe, Cr, Ni). The particles are round-shaped and
measure � 25 nm on average. In individual cases, the oxide
phase forms polycrystalline films with � 2 nm sized crystal-
lites. The coating layer, which lies on the free surface, is
formed by the Fe3O4 type phase crystallite with dimensions
lying in the 15 ± 20 nm range. The small dimensions of the
crystallites are also confirmed by the circular structure of
electron diffraction patterns.

Therefore, the coating of the samples has a polycrystalline
structure and the phase composition (Fe, Cr, Ni). The free
surface and the layer that comes into contact with the steel are
made of an oxide layer with a nanocrystalline structure. The
steel in the contact zone is a polycrystalline aggregate; its
crystallites exhibit a high density of dislocations at which
carbide phase particles are located.

3.3.2 Investigation of the structure and properties of Ni-based
Hastelloy C coatings. InRefs [58, 59], the authors investigated
the structure and phase composition of a coating of Ni-based
Hastelloy C.

Figure 10 shows the energy spectrum of elastic resonance
with protons measured for coated samples. As is apparent
from the resultant data, a substantial density of C and O is
observed in the surface layer, which also involves admixtures
of the following elements:W,Mo,Ni, Co, Fe,Mn, andCr.An
analysis yielded the elemental densities in the surface layer of
the coating up to 10 mm in depth (Table 4).

One can also see from Table 4 that the density of oxygen
and carbon in the vicinity of the surface is equal to about
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Figure 7. (a) Energy spectra measured for SS-400 steel samples with a coating of 316L stainless steel powder, an elastic resonance with Ep � 1737 keV

protons,Y � 170�, # � 60�. (b) Energy spectrameasured for SS-400 steel samples with a coating of 316L stainless steel powder with the aid of Rutherford

backscattering for the same sample for Ea � 2037 keV, Y � 170�, # � 60�.

Table 3. Elemental densities (at.%) in the coating of SS-316L.

Coating
depth, mm

Mo Ni Fe Cr O C

135.8
271.4
407.6
542.6
805.1
1298.4
1775.9
2716.0
4478.6

10,353.9

0.49
0.51
0.52
0.54
0.56
0.59
0.60
0.60
0.60
0.60

3.57
4.35
5.14
6.05
7.29
8.95
10.43
10.44
10.44
10.44

35.19
38.78
42.22
47.91
54.55
63.51
68.09
71.06
71.06
71.06

2.48
4.89
5.88
6.76
8.07
13.56
17.69
17.90
17.90
17.90

39.73
36.88
35.20
31.25
24.62
11.11
3.19
0.00
0.00
0.00

18.54
14.59
11.04
7.49
4.91
2.28
0.00
0.00
0.00
0.00
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25 at.%; the density of the remaining elements, the main
components of the Hastelloy alloy, is significantly lower. The
oxide film thickness is about 2 mm, and carbon and carbides
reside within 1 mm from the surface.

In the majority of cases, inside the ferrite grains, it is
possible to observe a substructure with randomly distributed
dislocations. The scalar dislocation density is
hri � 2� 108 cmÿ2. In individual cases, the ferrite grains
had a subgrain structure. The steel under investigation
belonged to two-phase materials Ð the second phase being
cementite particles located inside the ferrite grains and along
their boundaries.

The steel is made up of ferrite grains, and observed inside
the grains is a cellular dislocation substructure. The a-Fe
reflexes are blurred, which may be indicative of the presence

of a second phase. The SS-400 steel, which was employed as a
substrate for the deposition of coatings, had an a-Fe-based
polycrystalline structure in the initial state.

From the blur of f110ga-Fe type reflexes, it may be
suggested that the phase (Fe, Cr, Ni) is present. Our attention
is engaged by the cell boundaries Ð the edges are not robust,
the boundaries are broadened, and the dislocations are
indistinguishable. This may be testimony to the presence of
interstitial impurities (oxygen, nitrogen, carbon) at the
boundaries. Observed in individual grains is a dislocation
structure in the form of chaos. In such grains, the scalar
dislocation density is equal to� 5� 1010 cmÿ2 and, as a rule,
bend extinction contours are observed inside, implying a high
stress level in the steel structure. Reflexes in the electron
diffraction patterns recorded from such grains are stretched,
which is indicative of an azimuthal misorientation of the
structure elements. Along with the grains bearing a cellular
dislocation substructure, there are ferrite grains with sub-
grains, whose average dimensions are 0.15 ± 0.20 mm. A
dislocation substructure in the form of lattices with
hri � 5� 1010 cmÿ2 is observed inside the subgrains.
Located at the subgrain boundaries are domains with the
second phase Ð molybdenum carbide a-MoC0.54.

In the TEM-assisted investigation of the structure of the
transition layer containing a section of the coating, one can
see that the coating is structurally dispersed with crystallites
measuring � 50 ± 100 nm. The electron diffraction pattern
recorded from such a two-layer portion of the foil shows
reflexes of the phase (Fe, Cr, Ni).

An analysis of the data outlined shows that the coating is
formed by grains with a nickel-based FCC lattice (judging by
the chemical composition of the coating). Observed inside the
grains is a dislocation substructure with the dislocation
density � 6� 1010 cmÿ2. The light grain images are spotted.
An analysis of electron diffraction patterns suggests that this
contrast is due to nickel oxides. In individual cases, the grains
exhibit a cellular dislocation substructure. The cells are
misoriented as indicated by the azimuthal blur of reflexes in
the electron diffraction pattern (Fig. 11). The cell boundaries
are fuzzy, which testifies to the possible presence of an
interstitial impurity at the cell boundaries.

In individual cases, spicular crystals are found in coating
grains along their boundaries. An analysis of the electron
diffraction patterns suggests that they are martensite crystals
formed in the g! a martensite transformation of iron-,
chromium-, and carbon-enriched parts of the coating. The
martensite transformation is accompanied by the formation
of coating regions with a high (� 9� 1010 cmÿ2) dislocation
density.

The coating layer located at the depth � 1 mm from the
free surface had a polycrystalline FCC structure. Seen inside
the grains is a dislocation structure in the form of chaotically
distributed dislocations with the density 6:5� 1010 cmÿ2, and
individual grains exhibit a subgrain structure (see Fig. 11).
The subgrains measure� 0:1ÿ0:2 mm. The subgrains are not
oriented, and the azimuthal component of the total misor-
ientation angle amounts to � 6�. Coating domains with the
crystal dimensions � 10 ± 20 nm are sometimes encountered
(see Fig. 11).

The free surface of the coating forms a multiphase
structure on the basis of an FCC lattice, which contains
numerous inclusions of nanometer-sized oxycarbide phases,
with the crystallite dimensions equal to � 20 ± 30 nm. This
layer is thin and measures a fraction of a micrometer. As we

100 mm

100 mm

100 mm

a

b

c

Figure 8.Metallography of an etched lateral section of SS-400 steel with a

coating of SUS316L (dark areas Ð coating, light areas Ð SS-400 steel):

(a) structure of the coating in a layer parallel to the free surface;

(b) transverse section; (c) section made at the angle 1� ± 3� to the surface.

498 A D Pogrebnjak, Yu N Tyurin Physics ±Uspekhi 48 (5)



recede from this layer towards the interior, the dimensions of
oxycarbide inclusions increase to 60 nm and the density
lowers.

Therefore, the coating that appears on a sample is formed
by the polycrystalline phase with an FCC lattice (nickel-based
solid solution). Located on the coating surface is a nanocrys-
talline oxide film of Fe3O4. With increasing the distance from
the surface of the coating, the oxides become bigger, while
their density lowers. No oxide sublayer was found in the
coating ± steel contact zone.

ba

c d e

1 mm

0.5 mm

Figure 9. TEM image of the substrate (SS-400 steel) structure at the interface with a SUS316L stainless steel coating: (a, c) light-background image;

(b) electron diffraction pattern to (a); (d) dark background in cementite reflex; (e) electron diffraction pattern to (c). Arrows indicate cementite particles.
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Table 4. Elemental densities (at.%) in the Hastelloy C coating.

Coating
depth, nm

W Mo Ni Co Fe Mn Cr C O

122.9
247.6
373.8
501.6
759.6
1014.8
1263.4
1734.4
2663.0
4404.2
10,208.2

0.90
0.99
1.09
1.17
1.34
1.52
1.62
1.86
1.93
1.93
1.93

4.53
4.97
5.44
5.89
6.66
7.61
8.07
9.33
9.65
9.65
9.65

29.44
32.33
35.30
38.28
43.28
49.50
52.49
60.66
62.74
62.74
62.74

0.22
0.25
0.27
0.29
0.33
0.39
0.41
0.46
0.49
0.49
0.49

2.71
2.98
3.26
3.53
4.00
4.57
4.85
5.60
5.79
5.79
5.79

0.45
0.50
0.54
0.59
0.66
0.76
0.80
0.94
0.97
0.97
0.97

10.20
11.94
13.64
15.12
16.71
17.13
18.17
18.35
18.43
18.43
18.43

24.77
19.77
15.11
10.44
4.44
0.36
0.38
0.00
0.00
0.00
0.00

26.78
26.27
25.36
24.70
22.57
18.15
13.21
2.80
0.00
0.00
0.00

0.1 mm

0.1 mm

0.1 mm

a b

c d

e f

Figure 11. TEM image of a Hastelloy coating: (a, c, e) light background,

(b, d, f) electron diffraction patterns (to these images).
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The photographs that demonstrate the structure of the
coating and the surface steel layer were obtained from
sections made at a low angle (3�) to the surface. In the
coating ± steel contact zone, one can clearly see a mixed
structure consisting of coating isles in steel, which are widely
diversified in shape and dimensions. The photograph of a
transverse section of a Hastelloy coating shows clearly fused
parts measuring about 40 ± 50 mm; small pores are visible in
the coating [48].

Corrosion tests were carried out by a procedure that was
adequately described in Ref. [60], in sea water for Hastelloy
coatings of various thickness. The resultant data suggest that
the corrosion potential is minimal for 300mm thick coatings,
this potential lowering almost three-fold during the first
hours in comparison with the potential of the SS-400 steel
substrate. The corrosion resistance is better than in the case of
thicker coatings: for a coating thickness of 300 mm, it is
12 times higher during the first hours of the test. However, it
is nevertheless pertinent to note that within several days after
tests in sea water, a large crack appears at the coating ±
substrate interphase at the end of the sample. It is conceivable
that sea water finds its way into the pores and erodes the
substrate surface.

Figure 12 shows the microhardness of the coating and the
surface layer of the sample as a function of depth. One can see
that the microhardness value on the coating surface is slightly
lower than inside the coating, where it is approximately
2.5 times higher than in the surface substrate layer. The
transition region (the regions of the coating ± substrate
junction and the near-surface layer) have increased micro-
hardness over a depth of almost 100 mm from the junction
surface.

The X-ray structural investigation conducted showed
that the main component of the surface layer of the coating
produced by the pulsed plasma technique from the
Hastelloy powder is nickel with the lattice constant
a � 3:6251 A

�
. The lattice constant is increased in compar-

ison with tabular data [38, 61], the relative microdeforma-
tion of the lattice Da=a0 > 0 and is equal to 2.8%. The

increase in the lattice constant testifies to a crystal lattice
distortion of nickel, which was subjected to pulsed plasma
processing, due to microstress induced by the main
components of the source powder (Mo, Cr, Fe, W)
dissolved in it (Ni). Also observed in the coating are traces
of chromium and the solid-dissolved N-phase Fe-Cr-Mo
[38]. In addition, carbide and oxide phases are present in small
amounts in the coating: W2C, Mo2rC, FeO, and Fe3O4.
Hexagonal tungsten carbide and hexagonal molybdenum
carbide with the lattice constants a �Mo2C��2:951A

�
,

a �W2C��2:951A
�

and c �W2C��4:663A
�
, ctabl � 4:633 A

�

(which is practically consistent with the data in Ref. [61],
a �Mo2C� � 3:00 A

�
, a �W2C� � 2:99 A

�
and c �W2C� �

4:72 A
�
, ctabl � 4:71 A

�
) have mosaic blocks estimated at

about 15 nm from the dimensions of coherent scattering
domains. An estimate of coherent scattering domains of the
main phase shows that the dimensions of crystallites in the
surface layer of the coating range from 12 to 30 nm.

On the basis ofX-ray phase analysis (XPA) data, itmay be
inferred that the surface layer of the coating is a multiphase
nanodispersed structure that consists of the Ni-Cr-Fe nickel-
based solid solution with an insignificant amount of the
Fe-Cr-Mo iron-based solid solution, a mixture of oxide
phases (Mo2C, FeO, and Fe3O4), and traces of the initial
powder components. All this is entirely consistent with the
data obtained using transmission electron microscopy.

Therefore, the authors of Ref. [61] arrive at the following
conclusion: the nickel-based Hastelloy coating deposited on a
low-carbon steel substrate consists of ferrite polycrystals
(grains), with a cellular dislocation structure observed inside
the grains. Located along the subgrain boundaries are second
phase precipitates Ð molybdenum carbide MoC0.54. On the
surface of the coating, a nanocrystalline layer of oxycarbide
phases with crystallite dimensions � 20 ± 30 nm forms.
Located on the surface itself is a nanocrystalline oxide film
of Fe3O4. No oxide layer was discovered in the coating ± steel
contact zone. The carbon-saturated layer amounts to 1 mm in
thickness and the oxygen-saturated layer to 1.7 mm. Corro-
sion tests performed in sea water showed an almost three-fold
reduction of corrosion potential and a nearly 12-fold rise in
corrosion resistance. However, a corrosion crack is formed
between the coating and the substrate within three days
following the commencement of the test.

4. Ceramic and ceramic-metal coatings deposited
on a metal substrate

4.1 Phase and elemental composition of aluminum oxide
and its properties
We consider one more area for harnessing high-speed plasma
jets. In Refs [37, 41], the structure of Al2O3 coatings deposited
on a steel-3 substrate was investigated.

The elemental analysis of the pulsed-plasma coating of
aluminum oxide was performed using Rutherford back-
scattering and elastic resonance with protons. Figure 13a
shows the energy spectrum of elastic resonance with protons
for a sample of the resultant coating. The spectra clearly show
the presence of oxygen, aluminum, and iron, as well as a
significant content of carbon in the surface layer of the
coating. The structural formula of the coating formed by
pulsed-plasma deposition can be expressed as Al38O59Fe3.
The carbon density in the surface layer of the coating
amounted to 20 at.%. The emergence of iron in the oxide
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coating is due to the erosion of a steel electrode in the
plasmatron combustion chamber during plasma jet produc-
tion [41 ± 43].

A local phase and structural analysis performed with the
aid of transmission electron microscopy (TEM) with micro-
diffraction showed that the coating under investigation has a
multiphase polycrystalline structure and consists of a-Al2O3,
b-Al2O3, g-Al2O3, and d-Al2O3. The a-Al2O3 crystallites
measure about 0.25 mm, have a regular faceting, and are
free from defects. The other phases (b-Al2O3, g-Al2O3, and
d-Al2O3) are crystals with dimensions of 0.1 ± 0.3 mm, with a
defect substructure in the form of separate dislocations
observed inside them. The coating domains adjacent to the
substrate contain a transition layer made of an AlF inter-
metallide with crystals measuring 20 ± 40 nm. On the whole,
this layer exhibits a high dislocation density caused by the
shock action of the plasma-detonation wave.

X-ray structural analysis, which yields integral informa-
tion about a layer several micrometers thick, also showed the
presence of a- and g-phases of Al2O3, the calculated phase
ratio turning out to be as follows: a-Al2O3 Ð 30%, g-Al2O3

Ð about 60%, the remaining Ð b- and d-phases (Fig. 13b).
An analysis of the effect of phase composition on the

physicochemical and mechanical characteristics of the
pulsed-plasma coating of aluminum oxide suggests that the
increase in content of the stable g-phase, as well as of other
(metastable) phases, lowers the hardness, wear resistance, and
corrosion resistance of the coating. However, the coating ±
base adhesion is improved and the density of the coating itself
increases. At the same time, it has been known [44, 45] that the
polymorphous transformation g$ a in Al2O3 on heating in
the 1050 ± 1300 �C temperature interval is attended with a
significant change of volume. This may result in coating
cracking and its exfoliation from the substrate when the
g-phase exceeds 80% in the two-phase coating or the coating
is thicker than 0.3 mm. In the present instance, as shown by
the authors of Refs [44, 45], the presence of several phases
produces a relaxing stress gradient, which hinders the
formation of cracks in the coating. The average density of
the coatings produced by the pulsed-plasma technique was
equal to 3.90 g cmÿ3; this is slightly lower than the density of
a-Al2O3, which is equal to 3.98 g cmÿ3 according to the data
in Refs [46, 47]. At the same time, the highest hardness of the
coating produced by the pulsed-plasma technique amounted
to 1.98 GPa and the thermal conductivity coefficient to 38 W

(Mk)ÿ1, which is close to the corresponding values for
a-Al2O3 [46, 47].

Therefore, the use of pulsed plasma technology for Al2O3

coating deposition makes it possible to produce dense multi-
phase coatings that have a good adhesion with the substrate
(due to the damping properties of the stable low-temperature
g-phase and themetastable b- and d-phasemodifications) and
excellent physico-mechanical properties (due to the high
content of the a-phase).

4.2 The hard WC-Co alloy
An example of the use of pulsed plasma jets to deposit a
coating of a hard alloy (WC-Co metal ceramics) on a Cu
substrate is provided in Refs [62, 63].

In a surface layer up to 2.8 mm in thickness, the content of
Co, W, C, and O is in the following ascending sequence:
WC89; Co8; C2; O2. Attention is drawn to the fact that the
tungsten density on the surface of the coating is very low
(about 1 at.%) and the carbon density amounts to 30 at.%.
As is known from Refs [33, 32, 64, 65], in the deposition of
tungsten carbide by a high-velocity oxygen fuel (HVOF)
spraying and a high-energy plasma (HEP) jet, the respective
percentage of tungsten in the coating is as high as 84.38% and
87.98%. Even a partial amorphization of complex phases
located at the carbide and cobalt grain boundaries is possible
[32]. The content of cobalt also changed, to 12.98% (HVOF)
and 9.22% (HEP). The carbon density changed from 4.09%
in the initial powder to 2.5% (HVOF) and 2.52% (HEP). In
Ref. [32], the basis of the coating is constituted by phases, the
majority of which were present in the initial powder, but there
also appeared other phases produced due to high-rate
hardening.

A phase analysis carried out using a Dron-3 facility
(Ka-Cu) demonstrates that the main phase of the coating is
WC with a face-centered close-packed (FCP) lattice. The
authors made judgements about the presence of other phases
from reflexes in the temperature interval from 27 to 87 �C
(Fig. 14). In this interval, several lines overlap, which hinders
the phase analysis. The interplanar spacings calculated from
the reflexes that were possible to extract suggest that the
following phases were present in the coating: W2C, Co7W6,
Co3W, W, and Co. Complex phases in the intercrystallite
space may be in an amorphous state, which is consistent with
the data in Refs [62, 63]. This state is attributable to the high-
temperature cycle in the production of the coating.
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The structural phase analysis of themetal ceramicWC-Co
coating performed with the aid of transmission electron
microscopy (TEM) with diffraction showed that the coat-
ing has a polycrystalline structure represented by WC
crystallites with a hexagonal lattice, the crystallites a- and
b-Co and WC with a cubic lattice (Fig. 15). The average size
of WC crystals with an FCP lattice is equal to 0.15 mm and of
cobalt crystals to about 25 nm. Co3W3C phase particles
measuring about 15 nm are observed along the crystallite
boundaries [66]. The WC crystallites with a cubic lattice have

an internal dislocation structure. According to measurement
data, the microhardness of theWC-Co coating on the surface
and on an oblique metallographic section ranges from 104 to
1:5� 104 N mÿ2 and the coating ± substrate adhesion
strength ranges from 210 to 280 MPa for different parts.

4.3 Structure and morphology of the coating
of the hard Cr3C2-Ni alloy
In Ref. [67], the Cr3C2-Ni alloy coating deposited on a copper
substrate was investigated.

An analysis of coating diffraction patterns measured on a
Dron-2 facility with cobalt radiation showed that the coating
comprises a single phase Ð Ni-based solid solution with the
lattice constant a � 3:525 A

�
(the tabular datum for Ni is

a � 3:524 A
�
). Also formed is the Cr7C3 compound, but this

phase is more weakly pronounced and metallic Cr belongs to
the intermetallide Cr3Ni2.

Figure 16 shows images of the coating surface (a) and a
fracture of the coating (b). The coating structure and
morphology significantly vary with depth: there are bright
parts (typical of chromium carbide) and glittering dark parts
(typical of the metallic phase of nickel). A microanalysis of
these regions revealed the presence of Cr, Ni, O, Cu, and Fe in
the coating, with glittering parts containing only Ni with a
small admixture of Cr and Cu. The parts with a glittering
appearance were found to contain about 96% Ni and about
4% Cr. In this region, clearly, there is a grain or a powder
particle of nickel with a low content of Cr, which appeared as
a result of particle fusion and mixing in the liquid phase or
gaseous plasma state during the flight of the powder particles
of Cr oxide and metallic Ni in the plasma jet. In domains with
a gray background, the atomic density of Cr is equal to about
61%, of Ni to about 8.5%, of oxygen to about 5.6%, of
copper to about 13.3%, of iron to 2.6%, and of aluminum to
more than 5%, while the elements sulfur, calcium, and silicon
account for less than 1%. It is believed that Cu penetrates
from the substrate as a result of dynamic and temperature
action of the plasma jet. The lattice constant of Cu is close to
3:614 A

�
, as is that of the Cr3Ni2 intermetallide, and the

authors interpret this phase as intermetallic.
Coating hardness measurements from a transverse metal-

lographic section carried out with the aid of a Rockwell
pyramidion showed that the highest hardness value in the
light part (Cr7C3Ð the main phase) is equal to 66� 4:5 HRC
and in the glittering dark parts with a predominance of a solid
Ni solution to about 45� 1:5 HRC. Measurements of the
coating ± substrate adhesion strength performed by scraping
a diamond pyramidion against a transverse and oblique
section yielded values strongly different from those given, in
the range between 25 and 300 MPa.

An analysis of surface hardness measurement data for
different loads on the pyramidion (Table 5) allows concluding
that the depth to which the pyramidion is forced is the same as
the characteristic imprint dimension and is equal to dozens of
micrometers. Considering the values of hardness in relation to
the imposed load, we can draw the conclusion that the crystal
(grain) dimension in the coating is of the same order of
magnitude.

Figure 17 shows the variation of hardness with depth (an
oblique section) measured for the same load on the pyrami-
dion for a coating produced with a plasma-detonation
facility. The measurements were made only on gray parts of
the coating to ensuremore trustworthy information about the
variation of hardness with depth in the coating.
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Figure 15. Electron microscope WC-Co coating images obtained with a

TEM with diffraction: (a) morphology of cobalt polycrystals with the

average dimension about 25 nm, diffraction by local regions with Co

polycrystals; (b) morphology of tungsten carbide (WC) regions, face-

centered close-packed lattice, average crystallite dimensions 0.15 mm,

nanoparticles of the W3Co3C phase with the average size � 15 nm are

observed along the grain boundaries, diffraction from local regions of

carbide WC and W3Co3C; (c) morphology of regions with cubic-lattice

tungsten carbide (WC), a dislocation structure substructure is observed

inside the crystallites, dark- and light-background images, diffraction by

local regions of the coating in the presence of cubic WC.
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As shown in Ref. [67], for optimal design conditions for
depositing a coating of chromium carbide with 30 at.% ofNi,
it is possible to attain a rather high coating quality, a high
hardness (up to 66 HRC), and a good adhesion (up to
300 MPa). The coating then consists of a Ni-based solid
solution, complex Cr carbides (Cr7C3), and an intermetallide
Cr3Ni2; the formation of CrO is also possible. Tests of
components of thermal power plants, like impeller blades
and steam generator tube surfaces operating in an oxidizing
medium (air) or in a slag environment (slag particles) at high
temperatures (300 ± 800 �C), with a Cr3C2-Ni coating depos-

ited with a pulsed plasma jet demonstrated their durability
and operability.

4.4 Structure and properties of the powder coating
of aluminum alloys (Al-Co, Al-Ni)
In Refs [68, 69], Al-Co and Al-Ni coatings deposited by a
plasma-detonation technology on copper and aluminum
alloy substrates were used.

Aluminum alloys combine an enormous wealth of merits:
low density, high strength-to-weight ratio, high electric and
thermal conductivities, good plasticity and viscosity, and high
corrosion resistance to many organic acids and sea water.
These properties make them indispensable in many branches
of industry. Among the disadvantages of aluminum alloys are
low hardness, a low elastic modulus, high chemical activity
with many inorganic acids, and low wear strength. These
drawbacks can be overcome by depositing a surface coating
of othermaterials to increase hardness and improve corrosion
resistance. Co and Al are known to form intermetallide
phases, and it is therefore of interest to produce a coating
that contains Al along with another element (Co) able to
strongly modify its properties. Furthermore, the use of high-
speed plasma jets to coat metallic substrates opens up broad
possibilities for fabricating high-quality coatings of metals
and alloys (different from the substrate in composition).

For a base in Refs [68, 69], Cu substrates and an
Al-Mg-Mn alloy vere used. The latter is among aluminum
alloys that are not amenable to strengthening by thermal
processing [1]. A coating of an Al-Co powder was deposited
on samples measuring 14� 20 mm using a plasma-detona-
tion `Impul's-5' facility with the following parameters: pulse
repetition rate from 2 to 4 Hz, capacitance C � 550 mF,
sample ± plasmatron nozzle distance H � 550 mm, transla-
tion velocity no higher than V � 0:5 cm sÿ1, the number of
passes 2 ± 4, powder dimensions 35� 68 mm (a mixture of Al
and Co).

Figure 18 shows the results of a surface layer analysis of
the Al-Co coating deposited with a high-speed plasma jet; the
analysis was performed by elastic scattering of protons
(elastic recoil detection analysis, ERDA) [70]. As is seen
from the spectra, in addition to Al and Co, the coating

a b

� 1:00 k 20.00 kV 50 mm � 200 20.00 kV 200 mm

Figure 16. (a) Surface morphology of a Cr3C2 coating (30 at.% of Ni) determined with the aid of a scanning electron microscope. (b) Cr3C2 coating

(30 at.% of Ni) structure in the region of a transversely cleaved coating.

Table 5. Rockwell hardness measurement data for the coating surface for
different loads on the pyramid.

Test series no. Load, G Hardness,
HRC

Note

1 ë 4 50
100
200

58� 1
51� 3
48� 5

Gray background

6, 8, 9, 12 50
100
200

62� 4
56� 1
50� 1

Uniform
gray background

10, 11, 13 50
100
200

27� 7
35� 3
50� 12

Light background

50
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Figure 17.Hardness as a function of depth in a Cr3C2-Ni coating (oblique

metallographic section) for a pyramidion load of 50 G.

May, 2005 Modiécation of material properties and coating deposition using plasma jets 503



contains oxygen (at a high density, up to 19 ± 17 at.%) and
carbon (at a low density, from 2.5 to 1.5 at.%) in a layer up to
2.5 mm in depth. At the same time, oxygen is present in a layer
almost 22 mm thick in the surface layer of the coating
(Table 6). A SIMS analysis revealed the presence of N+,
Al+, AlN+, AlO+, Al�2 , AlN2, AlO�2 , Al2N+, CoN+, and
CoN+. Because we intentionally gave no attention to
nitrogen in the Rutherford backscattering analysis, it is safe
to assume that along with oxygen, the surface layer contains
nitrogen, which forms the AlN�2 and CoN+ clusters during
the plasma jet flight through the barrel and the barrel ±
material distance. Furthermore, there are various clusters (a
wide variety) of Al oxides (AlO; AlO2), which in aggregate
produce the Al2O3 compound.

Amorphology investigation of the coating over its surface
and throughout its depth (an oblique metallographic section)
showed that the typical structure that emerges under the
dynamic action of a plasma jet and its temperature action [71,
72] forms on the surface. A significant roughness is observed,
which corresponds to the characteristic size of Al and Co
powder particles, or particles that become molten during the
plasma jet flight. The coating hardness measured with a
Vickers pyramidion was found to be significantly higher, by
almost a factor of two, than the hardness of the coating itself.
It is noteworthy that a rise in hardness was discovered in the
transition layer. The adhesion strength determined by

scraping a diamond pyramidion against a transverse metallo-
graphic sectionwas in the range between 12.5 and22kgmmÿ2.
This is a rather strong adhesion.

From an analysis of X-ray diffraction patterns for the
Al-Co coating surface, there follows the occurrence of three
FCC lattices. An analysis of the resultant data revealed one
a-Co lattice. Its constant is equal to 3:515 A

�
. A significant

part of the diffraction pattern peaks belong to aluminumwith
the lattice constant 4:088 A

�
. The presence of Cu with the

lattice constant 3:614 A
�
was revealed in the surface layer,

which is due to evaporation of the copper electrode.
The diffraction pattern also shows numerous peaks that

match to the compounds Al2Co15, Al2Co19, and Al4Co113.
Considering that the aluminum solubility of cobalt is low
(below 0.4 at.% in the liquid state and below 0.01 at.% in the
solid state), the formation of cobalt ± nickel intermetallides is
quite possible.

Calculations yielded the following phase percentage in the
coating: 71% Co, 13% Al, 6% Cu, 5% Cu2Al15, and 4.5%
(Co2Al19+Co4Al113) (the last figure is given for the two
compounds taken together, because many of their peaks fall
into the same regions of the rise of the diffraction pattern
background and are hardly possible to separate).

Therefore, it was shown that the use of a high-speed
pulsed plasma jet for depositing an Al-Co coating on a
copper alloy leads to an increase in microhardness (a two-
fold increase relative to the substrate) and a strengthening of
adhesion.

In Ref. [69], an investigation was made of Al-Ni coatings
deposited on a Cu substrate. Because the properties of a
material are largely dependent on the state of its surface, this
work was concerned with surface coating morphology.
Experimental data testify to the formation of a surface
corresponding to a typical relief of a coating obtained in the
powder deposition with a high-speed pulsed-plasma jet on a
substrate. The thus produced coatings have a highly devel-
oped relief with extensive roughness. Observed on the surface
is the alternation of silver-gray segments with inclusions of
small gray bumps, which look like incompletely fused powder
particles stuck together. With a higher magnification, it is
possible to clearly see numerous depressions of indefinite
shape on the surface. Bright glittering segments were recorded
on the surface. According to microanalysis data, aluminum is
the dominant element in these segments, its density in them
being approximately one order of magnitude higher than the
density of the main powder component, nickel. The integral
characteristic of this segment suggests that the coating is
primarily made up of Ni and Al. In addition, there are
elements such as Fe, Cr, Cl, Ca, and Si on the surface. They
may settle on the surface of the coating in the combustion
chamber of the plasmatron. Ca is among the uncontrollable
impurities, because it supposedly finds its way onto the
coating surface when the samples are brought into the
atmospheric air. The Ni-to-Al density ratio is varied over
the surface (in dark and gray parts, the Ni density is
substantially higher than the Al density). The resultant
microanalysis data allow concluding that Ni is the predomi-
nant element of the surface (up to 1 mm in thickness).

The surfaces were additionally analyzed using Ruther-
ford backscattering and ERDA. From the energy spectra
of the elastic resonance of nuclear reactions (with the initial
a-particle energy 1768 keV) and proton backscattering (with
the initial proton energy 2020 keV), it is clear that the thin
surface layer of the coating contains the main constituents of
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Figure 18. The energy spectrum obtained on an Al-Co coating measured

by elastic recoil detection analysis (ERDA) on protons. The coating is

deposited on a Cu substrate.

Table 6. Elemental composition of the Al ±Co coating, at. %.

Coating
depth, nm

Co Al O C

83.7
248.5
437.8
714.1
1108.4
1497.0
1885.6
2276.9
5516.5

13,615.7
21,714.9
29,339.5

6.43
8.53

10.68
11.42
13.23
14.79
14.79
14.91
14.96
14.96
14.96
18.03

72.79
71.04
68.99
68.09
66.43
64.67
64.67
65.31
68.00
68.00
68.00
81.97

19.11
18.39
18.00
17.84
17.38
16.88
16.88
16.98
17.04
17.04
17.04
0

1.67
2.04
2.33
2.65
2.96
3.66
3.66
2.80
0.00
0.00
0.00
0.00
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the initial powder, aluminum and nickel. High densities of
carbon and oxygen were recorded in the coating. The
existence of a shelf in the spectrum and the disagreement of
the calculated data as well as of experimental data are
indicative of the formation of nickel ± aluminum intermetal-
lide compounds at the surface (close to Ni4Al in stoichiome-
try). Conceivably, the coating contains the Ni3Al compound
and pure Ni, which gives the above stoichiometry in the
aggregate. The effective profiles of all elements were calcu-
lated and the density distribution of constituent elements with
depth were determined from the spectra obtained. Judging by
the data, the coating surface is strongly saturated with oxygen
and carbon, their density beginning to lower rapidly with
greater depth in the material (to 1 mm). A low nickel density
was recorded at the coating surface (7.2% for h � 37 nm), but
its density strongly increases with the approach to the
substrate (up to 65%) and it becomes the main component
of the coating matrix. The authors attribute the high surface
aluminum density to the fact that aluminum is the lighter
fraction with a low melting temperature and is primarily in
the molten state in the plasma jet. When the plasma jet
interacts with the surface, dynamic action and deformation
of Ni powder particles occur, and the molten gas ± plasma
phase of Al completes the surface coating.

According to the results of investigations conducted, the
source PT-NA-001 powder consists of 93.5%nickel and 6.5%
aluminum. The respective lattice constants of the coating
constituents are a �Ni� � 3:524 A

�
(atab �Ni� � 3:5238 A

�
[73])

and a �Al� � 4:054 A
�
(atab �Al� � 4:0484 A

�
[73]). The coating

is accompanied with several phase transformations in the
source powder material. By analyzing the fragments of the
X-ray diffraction patterns of powder composition in the
initial state and in the resultant coating, it was determined
that the coating surface consists primarily of Ni atoms (85%).
Along with the main phase of the powder matrix, phases such
as NiO (4%) and Ni3C (3%) are formed in the coating. The
selected coating regimes favor the formation of intermetallide
nickel ± aluminum compounds in the coating. We determined
that the coating surface is comprised of about 5%Ni3Al. The
X-ray diffraction pattern also clearly shows the presence of a
small amount of pure aluminum on the surface (up to 3% in
density).

The coating ± substrate adhesion strength varies signifi-
cantly from segment to segment. In the tests conducted, the
adhesion strength ranged between 28� 2:2 and 45� 3 MPa.

The microhardness values in the measurements over the
surface and the transverse section of the coating showed a
significant scatter. In the coating segments under investiga-
tion, they ranged from 65� 3:5 to 3:0� 102 ± 4:2�
102 kG mmÿ2. The authors believe that the surface micro-
hardness peaks in the segments where nickel ± aluminum
intermetallide compounds and nickel carbide prevail in
density, whereas lower values of the characteristic involved
can be observed in segments with a prevalence of pure nickel
or aluminum, as well as small additions of iron and
chromium, which find their way onto the coating surface
from the eroding electrode of the plasmatron.

Thus, it was determined in Ref. [69] that the coating
deposition of nickel and aluminum powders using pulsed
plasma spraying is attended with phase transitions in the
source powder and production of intermetallide compounds.
The components are redistributed due to fusion of the source
material in the plasma flow, with the consequential emergence
of local segments on the coating surface with a high aluminum

density (up to 83%). The coating saturation with the gases of
the plasmatron atmosphere underlies the production of an
oxide film and nickel carbide on the surface. Partial fusion of
the source powder results in the production of the Ni3Al
intermetallide compound. Most likely, precisely the presence
of the carbide and nickel intermetallide on the surface is
responsible for local surface strengthening.

5. Characteristics of the structure
and physico-mechanical properties of hybrid
and combined coatings

5.1 Structure and properties of hybrid Al2O3/Cr/TiN
coatings deposited on a steel-3 substrate
Of special interest are protective coatings for components of
electrochemical and chemical equipment. It is well known
that individual kinds of processing, e.g., ion implantation,
ion-assisted thin-film deposition, electron-beam processing,
and coating with high-velocity plasma jets [70, 74 ± 81] cannot
furnish the desired result. That is why combined processing
techniques are currently employed to solve applied problems,
making it possible to solve important problems in material
science [82]. At the same time, it is well known that
components such as, e.g., acid pump blades require a strong
adhesion of the coating to the component surface, a low
porosity, and the presence of passivating elements like Cr, Ti,
etc. [83, 84].

In Ref. [83], investigations were made of the structure and
the elemental and phase composition of an Al2O3/Cr/TiN-
based coating, which was deposited on a steel-3 (0.3 mass%
of C) substrate, prior to and after electron-beam irradiation,
as well as of the service characteristics of the hybrid coating.
Particular emphasis was placed on diffusion and mass
transfer.

Protective coatingswere obtainedon thin samples (0.3mm
thick) of austenitic stainless steel-321 (composition:
18 mass% Cr, 9 mass% Ni, 1 mass% Ti, and the balance
Fe). The deposition technique of protective hybrid coatings
was as follows. A high-speed pulsed plasma jet of the
`Impul's-5' facility was employed to deposit the base powder
coating of aluminum oxide (a-Al2O3 powder with powder
particles measuring 27 ± 56 mm) of thickness 45 ± 65 mm for
the following operational characteristics of the facility: the
detonation frequency (pulse repetition rate) 4 Hz; the electric
energy consumption per plasma pulse (2.5 ± 3.5)�103 J; the
distance between the nozzle exit section of the plasmatron and
the substrate 40 cm; the spot diameter 33mm. To improve the
corrosion properties of the surface in sulfuric acid, a layer of
titanium nitride (TiN) of thickness 1.2 ± 2 mm was deposited
on the Al2O3 coating in a vacuum-arc source of the `Bulat-3T'
type. Prior to the deposition of the titanium nitride layer, the
ceramic surface was coated with a Cr sublayer (0.2 ± 0.5 mm
thick) to strengthen adhesion.

Upon deposition of the hybrid coating, part of the
samples were set aside for investigations in the initial state
and part of them were used for further modification [83].

The surface of the hybrid coating was exposed to a high-
current electron beam (HEB). The e-beam energy density was
selected in such a way as to completely fuse the Al2O3/Cr/TiN
coating and to partly fuse the substrate.

The photographs of the surface layer of the Al2O3/Cr/TiN
coating prior to and after HEB irradiation show that the
surface has a large roughness (Fig. 19). An analysis of
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investigation data also testifies to a large roughness, because
the vacuum-deposited Cr and TiN films replicate the relief of
the coating deposited with a pulsed-plasma jet. It is
noteworthy that the formation of the `droplet' fraction,
which is seen on the surface of the hybrid coating, is due to
the segregationless deposition of TiN and Cr. HEB irradia-
tion of the hybrid coatings results in the formation of a
`striate' surface structure [alternation of bright (the initial
state of the coating) and dark streaks (the surface fused by the
electron beam)]. The spots in these streaks that were subjected
to microanalysis are marked with points.

Figure 20 shows the spectra recorded from different
regions of the coating surface. For rounded inclusions
(`droplet' fraction regions), the spectra of the elements Ti,
Cr, and Fe (see Fig. 19) were obtained. Titanium is the
predominant element. The densities of the above elements
were found to vary from point to point. The presence of Al
was additionally discovered. The regions not subjected to
HEB irradiation contain 13.9 mass% Al, 48.2 mass% Ti,
0.03mass%Cr, and 0.42mass%Fe. The regions fused by the
HEB contain about 55 mass%Al, 0.5 mass%Ti, 0.2 mass%
Cr, and 0.8 mass% Fe.

The elemental composition of hybrid coatings was
investigated in greater detail using backscattered protons.

The spectrum identification is given in Fig. 20b (the presence
of Al, Ti, oxygen, and nitrogen on the surface of the hybrid
coating upon HEB irradiation). The backscattering analysis
testifies to an increase in oxygen density in the coating (up to
the very surface) in the samples exposed to the HEB. In the
near-surface layers of the coating without HEB, the oxygen
density is substantially lower. According to the data obtained,
the coatings exposed to the HEB exhibit a lowering of the Ti
content with depth and simultaneously a broadening of its
distribution profile. Proceeding from the diffusion theory and
considering the good agreement between the form of the Ti
density distribution and the Gaussian curve, it has been
possible to calculate the effective diffusion coefficient for
titanium (2:4� 10ÿ8 cm2 sÿ1) [85 ± 87].

Using the same samples, the authors of Ref. [88]
investigated the phase composition (XRD analysis) of the
hybrid Al2O3/Cr/TiN coatings. The resultant data indicate
that the main element of the substrate matrix is g-Fe (FCC)
with the lattice constant 3:592 A

�
. According to the XRD

analysis, which provides an integral characteristic of a layer
several micrometers thick, the hybrid coating is a multiphase
compound. Present along with the main phase of the powder
a-Al2O3 are g-Al2O3, b-Al2O3, TiN, and Cr. The phase
percentage was estimated for the coatings subjected to two

a b

� 778 50 mm � 45:9 1 mm

Figure 19. Surface structure of hybrid coatings deposited by a combined technique: (a) Al2O3 coating without fusion in the absence of an HEB,

(b) HEB-irradiated Al2O3/Cr/TiN coating after fusion.
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processing regimes (series no. 2, series no. 3). The calculated
data are given in Fig. 20b. One can see that the HEB-induced
modification of the Al2O3/Cr/TiN coating leads to the
polymorphous transformations g! a and b! a in Al2O3.
This allows concluding that theHEB-inducedmodification of
the surface has a significant effect on the lattice parameters of
the constituent coating elements.

Changes in the a-Al2O3 lattice parameters were discov-
ered, which were related to the formation of residual
compressive stress [series no. 1 (without HEB irradiation):
a �a-Al2O3� � 4:773 A

�
, c �a-Al2O3� � 13:581 A

�
, c=a � 2:87;

series no. 2 (HEB irradiation with the lower power density):
a �a-Al2O3�� 4:773 A

�
; c �a-Al2O3��12:996 A

�
; c=a � 2:72;

series no. 3 (HEB irradiation with the higher power density):
a �a-Al2O3��4:767 A

�
; c �a-Al2O3� � 12:878 A

�
; c=a � 2:71]

[85, 73].
In the initial state, prior to HEB irradiation, for instance,

the lattice constant of titanium nitride is equal to 4:264 A
�
,

while it is equal to 4:221 A
�
upon HEB irradiation (the regime

of partial fusion). Upon HEB processing with complete
fusion of the combined coating, the lattice constant becomes
equal to 4:247 A

�
. The Cr lattice parameter was found to

change [series no. 1: a �Cr� � 2:879 A
�
, series no. 2 and no. 3:

a �Cr� � 2:868 A
�
].

Additional investigations were undertaken to gain a more
exact interpretation of the data on the elemental coating
composition by Auger-electron spectroscopy [83]. When an
atom is in a bound state, the energy of Auger electrons is
somewhat different from the initial state of the element and
additional peaks appear in the spectrum [88]. An analysis of
elemental density profiles with depth of the hybrid coating
yielded an estimate of its thickness, which is equal to 2.5 ±
3 mm with Ar+ ion etching for 30 min. It is pertinent to note
that a broad spectrum of elements and their compositions
(compounds or clusters) was discovered in the coating. A high
density of Ti and N is observed near the surface; then, upon
increasing the etching time, there emerge Cr and Al peaks, as
well as Cr2 and Cr2Fe3 clusters.

Table 7 gives some data of corrosion tests. The lowering of
corrosion potential E, like the lowering of corrosion icor and
passivation ipas currents in the case of electron action on the
Al2O3/Cr/TiN coating, testifies to a good corrosion resistance
of the hybrid coating to sulfuric acid. It is believed that this
improvement in corrosion resistance is related to a decrease in
through pores in Al2O3 with an increase in coating thickness,
which is due to TiN and Cr and its mixing with the ceramic
layer [86].

It is also noteworthy that the density of the Al2O3 coating
in the initial state is equal to 3.9 g cmÿ3, while it is known from
the literature that a-Al2O3 has the density 3.98 g cmÿ3, and
the Al2O3 coating adhesion to the substrate (without e-beam
processing) is equal to 40 ± 65 MPa [7]. However, the HEB
processing of the surface with its complete fusion results in a
significant strengthening of adhesion up to 140 ± 160 MPa
(which is also related to the fusion and mixing in the `liquid'
phase) [87].

The coating hardness without electron irradiation ranged
between 1:3� 104 and 1:42� 104 N mmÿ2; after irradiation
in the soft regime (series no. 2), it was equal to � 1:6�
104 N mmÿ2, and after irradiation in the hard regime (series
no. 3) to �1:78� 0:8� � 104 N mmÿ2. Therefore, one can see
that the HEB processing increases the microhardness.

The deposition of Al2O3/Cr/TiN hybrid coatings with
subsequent HEB processing in two regimes results in the
variation of the phase composition of the coating (results of
the XRD analysis), elemental (in particular, Ti) mass transfer
(AES, BS, and microanalysis data), as well as a significant
change in operational characteristics like adhesion, hardness,
and corrosion resistance in sulfuric acid.

5.2 Physico-mechanical properties and structure of nickel-
alloy coatings prior to and after electron-beam irradiation
Among the present-day techniques of producing corrosion-
resistant materials with excellent operational characteristics,
mention should be made of combined (duplex, triplex)
methods of surface processing [15, 16]. Recently, a high-
speed pulsed-plasma jet was used to deposit coatings of
powder materials [82 ± 86, 89]. However, these coatings have
several drawbacks: the formation of thin oxide layers on the
surface and the existence of pores in the coating (from 0.5% to
1.8%). To eliminate these disadvantages and improve
adhesion in the coating ± substrate region, advantage is
taken of the combined processing of coating surfaces by
pulsed plasma flows and electron beams with a high energy
density [73]. Suchlike action of concentrated energy fluxes on
the surface of a solid leads to absorption of a part of the
energy, which is in turn responsible for the occurrence of
diverse physicochemical effects in the surface material layer
and in the depth of the coating (heating, structural phase
transitions with a change of the aggregate state, change of the
phase composition of the surface, plasma-chemical reactions,
intensification of almost all diffusion mechanisms, etc.) [73].

Nickel-based alloys are known to be one of the main
classes of powder materials for the production of corrosion-
resistant coatings. Plasma coatings of nickel alloys are widely
used to protect surfaces from corrosion and wear [90, 91].

Therefore, in Ref. [73], the authors solved the problem of
obtaining Ni-based powder coatings on a low-carbon sub-
strate by way of the plasma-detonation technique with
subsequent fusion of the surface and a part of the substrate
with a high-current electron beam. They also investigated the
structure, phase composition, microhardness, hardness, and
corrosion resistance of the resultant coatings.

To obtain wear- and corrosion-resistant hard coatings,
the following research was undertaken in Refs [73, 90, 91].
Powder coatings of a nickel alloy (with the thickness between
60 and 110 mm) were deposited on low-carbon steel employ-
ing the `Impul's-5' facility. Two kinds of powder (standard,
Russia) served as the material for producing corrosion-
resistant coatings with high operational characteristics:
PG-10N-01 (Ni base, B Ð 3.3%, C Ð 0.8%, Si ± 4.3%,

Table 7. Results of corrosion tests of Al2O3/Cr/TiN coatings on AISI 321
type stainless steel in a solution of sulfuric acid with a molar concentration
of 0.5M.

Test
series
number

Sample E,
mV

icor,
mA

ipas,
mA

Epas,
mV

E as
mV

1

2

3

Al2O3+TiN
Initial state
Al2O3+TiN
Partial HEB-induced
surface fusion
Al2O3+TiN
Complete surface fusion
with a partial substrate
fusion

ÿ 425

ÿ 360

ÿ 265

3.8

0.15

0.95

1.15

0.14

0.5

1015

970

985

1012

935

970
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Cr Ð 14 ± 20%, Fe Ð up to 7%) and PGAN-33 (Ni base,
Cr Ð 24%, Mo Ð 4%, Si Ð 2%, W Ð 1%, B Ð 2%). It is
pertinent to note that the additions of Si and B were
introduced into the powder surface to reduce the forces of
surface tension of the molten coating during its modification
by concentrated energy sources. Mo and W are the alloying
elements that increase the hardness of the resultant coatings.

Part of the samples under investigation were left in the
initial state and part were fused with an HEB provided by a
U-212 source. The HEB surface processing was performed in
two regimes: soft (coating fusion) and hard (complete fusion
of the coating and fusion of the substrate surface layer two
times thicker than the coating itself), with the respective beam
power densities equal to 1000 and 2000 W cmÿ2. In this case,
the e-beam translation velocity was equal to 80 m sÿ1 and the
processed track width to 10 ± 12mm. It is noteworthy that the
surface tension of the material depends strongly on the
amount of energy incident on a unit surface area, which is
due to the HEB-induced coating surface modification
attended by high rates of heat removal inside the material
surface [91, 92].

Microhardness measurements were carried out with a
PMT-3 instrument with a diamond Vickers pyramidion for
indenter loads of 20, 50, and 100G.Measurements weremade
on transverse sections, inward from the coating surface [14].

Wear resistance tests were carried out on an SMTs-2
facility in a plane ± cylinder configuration in the medium of
technical Vaseline [73, 93], both on the base material and on
coating surfaces [93].

The corrosion resistance of the modified coating was
investigated with the aid of electrochemical equipment. The
scanning velocity of the material surface (see Ref. [87]) was
equal to 15 mV sÿ1. The structure and the phase composition
were analyzed in Refs [87, 73]. The surface microstructure
research data are indicative of different surface morphologies
of the coatings formed under the action of a pulsed plasma jet
(with fused and molten powder) and the electron beam.

A study of surface images made with different magnifica-
tion after pulsed plasma processing allowed the following
conclusions. The microrelief appearance of the surface
modified by the pulsed plasma jet testifies to the presence of

a very large roughness (Fig. 21). Incomplete fusion of some
powder particles in the pulsed plasma flow and their
subsequent high-rate deformation on the substrate surface
are responsible for the formation of the surface in the form of
a clinker.

At some spots, it is possible to discern the outlines of
solidified deformed particles. Clearly seen on the surface are
separate, even dark segments of the coating, which obviously
have a granular structure. In addition, one can see dents with
a strongly pronounced relief of the bottom and alternating
dark and light segments.

An analysis of the spectrum recorded from different spots
on the surface of the coating upon pulsed-plasma fusion
allows concluding that its main components are Ni
(52 mass%), Fe (9 mass%), Cr (12.5 mass%), and Mo
(21 mass%). Also detected were low concentrations (below
10 mass%) of Al, Si, and Ti. Local elemental analysis
suggests an idea of a nonuniform redistribution of the
elements that are components of the source powder and of
the gas atmosphere of the plasmatron. The authors discov-
ered regions wherein the highest Ni density was equal to
about 75% and the lowest to about 3%. In this case, the
density of molybdenum in the segments with the lowest nickel
density ranged up to 84%. Considering that molybdenum is a
constituent element of the PGAN-33 powder and that an
erodingmolybdenum electrode is employed in the coating, we
believe that this local increase in density of the element is quite
possible.

Investigations of the phase composition of the initial
powder showed that it is an FCC structure similar to the
solid solution of nickel substituted for chromium atoms.
After pulsed plasma processing, the powder coating is a
multiphase compound. From the calculated data and from
fragments of the X-ray diffraction pattern recorded from the
powder coating surface, it is evident that the base of the
matrix is made of Ni (48%) and Mo (20%). The calculation
also suggests that the Ni lattice undergoes some changes.
Tensile stress was discovered to emerge with the ensuing
increase of the lattice constant: a �Ni� � 3:53 A

�

(atab�Ni� � 3:524 A
�
). When fused, the source powder forms

the compound FeCr, whose mass fraction may range up

� 400 200 mm20.0 kV� 25.0 20.0 kV 2 mm

a
b

5

1

1

3

6

4

3
8

Figure 21. Microphotographs (a, b) of a part of the surface of a powder (PGAN-33) coating produced by high-speed pulsed plasma spraying wherein

elemental analysis was performed, with indications of the spots of local microanalysis.
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to 15%. Furthermore, an intermetallide compound Fe7Mo6
and possibly FeMo are formed in the coating [an evident rise
of the background in X-ray diffraction patterns in the
2y � �42ÿ 50�� region]. They account, respectively, for 12%
and 4% of the total surface coating composition.

It is worth noting that after HEB processing of the
PG-10N-01 coating surface, a wavy microrelief forms on it,
with shallow dents observed in some places. An investigation
of the surface relief of these dents showed that they are
clusters of small inclusions, which comprise significant
fractions of S, Al, and Ta according to the data of elemental
analysis. But the main element is iron. Nonuniformly
distributed dark regions were discovered on the surface, in
which the highest density of the main component Ð iron Ð
amounts to about 94% (this follows from an analysis of the
spectra recorded for one such spot on the coating). The
integral characteristic of the elemental surface composition
after electron-induced fusion testifies to a nearly six-fold
increase in iron density relative to the iron fraction in the
source powder material. Most likely, during e-beam surface
fusion, complete melting of the powder coating occurs with a
partial fusion of the substrate surface and local mixing of the
components of the substrate and the coating. In addition, the
coating comprises about 15% Cr and 40.5% Ni.

The e-beam fusion of the coating surface was found to
have a strong effect on its resultant composition. As
revealed by an analysis of X-ray diffraction patterns, the
source PG-10N-01 powder contains 72%Ni, 20% FeCr, and
8% CrB. The HEB-induced surface fusion has the effect that
the main constituents of the coating are Ni and Fe. They
account, respectively, for about 65% and 6% of the total
phase composition of the surface. The Ni lattice is strongly
extended, a �Ni� � 3:55 A

�
, and the lattice constant of a-Fe is

equal to 2:86 A
�
. Owing to the coating modification, oxide

compounds Ni2O3 (9%), NiO (4%), and Fe2O3 (9%)
simultaneously form on the surface. The coating surface also
comprises about 6.5% Cr.

Based on an analysis of the photographs of the
PG-10N-01 coating surface obtained after its HEB processing
in the hard regime and after pulsed plasma processing, one
can draw the conclusion that the plasma-detonation coating
is accompanied by the formation of a granular structure.
HEB surface processing has the effect that these grains are
fused together to make the surface more uniform. We
emphasize that the coating exhibits a small number of small
pores (round and oval regions). After pulsed-plasma mod-
ification, they turn out to be greater in dimensions and
number than after HEB surface modification. But the
formation of a granular structure is more pronounced in
such coatings. Investigations of the phase composition
performed for theHEB-processed coatings in the hard regime
yielded the following results. The coating is comprised of 50%
Ni [a �Ni� � 3:54 A

�
] and 11% Cr [a �Cr� � 2:88 A

�
] [94].

Increasing the HEB power density in the irradiation of
coatings was responsible for the growth of the surface density
of the main component of the substrate matrix Ð ironÐ and
for the formation of intermetallide compounds of constituent
elements of the powder. An X-ray diffraction pattern clearly
shows the peaks corresponding to the CrB and FeCr
compounds, whose respective mass fractions in a coating
approximately 1 mm thick are equal to 13% and 26%.

The greatest increase in microhardness was observed for
samples exposed to the electron beam at the highest power
density. Upon fusion, the surface microhardness increased

4.5-fold relative to the initial substrate material. A gain in
microhardness is clearly observed at a depth greater than
300 mm.At the same time, when the coating was irradiated by
the electron beam with a partial fusion of the substrate, the
hardness increased by a factor slightly greater than three and,
accordingly, the maximum depth of the hardened layer was
only about 100 mm, i.e., was approximately equal to the
thickness of the powder coating itself. The microhardness of
the coating not processed by the electron beam (immediately
after deposition by a high-speed pulsed plasma jet) is
significantly lower than after the thermal surface annealing
by the electron beam. It was determined that the range of
thermal action of the plasma jet amounts to about 200 mm
and the range of thermal action of the electron beam in the
hard fusion mode to 500 mm.

The analysis of the wear as a function of the number of
rotations and their wear time shows that the efficiency of the
plasma detonation coating is equal to approximately 2, and of
the e-beam technology to 9 for the soft regime and to 90 for
the hard regime. This may be attributed to the fact that the
HEB processing in the soft regime reduces the porosity of the
Ni-alloy coating surface, and upon HEB processing in the
hard regime, there occurs fusion of the coating and mixing of
the surface coating layer with the base. Furthermore, the
increase in wear resistance of sample surfaces upon plasma
detonation processing andHEB processingmay be attributed
to changes in the structural phase state of the surface.

It is pertinent to note that the minimal deterioration
corresponds to the e-beam processing regime whereby the
coating is fused and the substrate surface is fused to a depth
approximately equal to the coating thickness.

Referring to Table 8, the best corrosion test results were
obtained for samples with a coating modified by the electron
beam (the lowest corrosion potential E, corrosion currents
icor, and passivation currents ipas). This corrosion resistance is
attributable to the fact that the surface was fused, the grains
were made finer, porosity was lowered, and, most important,
redistribution of elements near the coating surface occurs.

Figure 22 shows the image of a coating surface near the
`triple point'. One can see that roughness has decreased
throughout the irradiated part of the sample, but there are
regions with a very large roughness produced due to the
fusion. There are regions with incompletely dissolved powder
particles (most likely, these are regions of refractory elements
and their carbides).

Therefore, investigations into the elemental composition
of powder coatings suggest that Ni is the main surface
component of the coatings subjected to e-beam processing.
The e-beam irradiation with the consequential component
mixing entails the emergence of substrate constituents in the
nickel matrix of the coating. An interplay has been estab-
lished between the phase composition, chemical composition,

Table 8. Corrosion test data for nickel-alloy-coated samples in a sulfuric
acid solution with the molar density 0.5M.

Sample E,
mV

icor,
mA

ipas,
mA

Epas,
mV

Unprocessed substrate

Powder coating

Powder coating with subsequent e-
beam processing

ÿ 685

ÿ 330

ÿ 278

5.7

0.78

0.59

2.52

1.1

0.82

1352

1035

984
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and morphology of coating surfaces processed with an
e-beam and the following mechanical characteristics: micro-
hardness, friction wear, and resistance to corrosion in a
solution of sulfuric acid and an acid environment.

The reasons for the change in operational characteristics
are as follows: a decrease in grain size (from dozens of
micrometers to a few micrometers or hundreds of nan-
ometers), the healing of pores, a strengthening of coating ±
substrate adhesion, and the supposed reduction of roughness
size due to e-beam-induced fusion.

6. Pulsed plasma interaction with a metal
surface

It is well known that the action of concentrated energy
sources involves a rapid (in 10ÿ3ÿ10ÿ6 s) heating of the
surface metal layer with its subsequent intense cooling by
heat removal both into the metal volume and into the
surrounding medium. The high rates of heating and cooling
of the surface metal layer (104ÿ108 K sÿ1) favor the
formation of a disperse crystal structure and a high disloca-
tion density, as well as changes in carbon and nitrogen
densities [95, 96].

The thermal action by concentrated energy sources is
combined with alloying procedures. The surfaces of articles
are alloyed by fusing previously deposited coatings [97] or by
introducing different gaseous doping impurities into the
working medium (plasma): nitrogen, hydrocarbon gases,
and cyanides [54]. Research shows that pulsed action on the
surface of an article is most efficient. This is due to the higher
rates of heating and cooling, elastoplastic deformation of the
surface, and the consequential intensification of virtually all
known diffusion mechanisms [97].

The growth of diffusion coefficients for a rapid elasto-
plastic deformation is attributable to the increase in the
average dislocation density, which exceeds the equilibrium
one. According to the investigations in Refs [84 ± 86], in the
rapid plastic deformation of crystalline bodies, the rate of
atomic migration in them exceeds the rate of diffusion
transfer of elements in a liquid metal. At the point of applied
shock produced by a hard blow on the surface of a sample
(the deformation time t � 4� 10ÿ3 s, the extent of deforma-

tion 10%, the temperature in the contact zone 800 �C), the
diffusion coefficient (D � 8:3� 10ÿ3 cm2 sÿ1) is two orders
of magnitude higher than in the liquid metal [95]. In a similar
manner, mass transfer is enhanced by rapid deformation in a
pulsed magnetic field.

The investigations in Refs [84 ± 86] showed that the mass
transfer coefficient increases in any pulsed processing of the
surface of an article and depends only slightly on the grain
size. With an increase in the number of pulses, the mass
transfer coefficient decreases monotonically. Most interest-
ingly, the simultaneous action of different kinds of pulsed
processing on the surface of an article substantially enhances
mass transfer and this enhancement is inherently synergetic.

Transient detonation regimes of combustion of gaseous
mixtures were employed with the goal of efficiently generat-
ing high-power plasma jets [95].

When a pulsed plasma jet is ejected from the plasmatron,
it closes the electric circuit between the anode electrode and
the article surface (the cathode). The passage of electric
current along this jet heats the plasma due to the Joule heat
release Q � sE 2 V mÿ3.

The energy characteristics of plasma jets at the plasma-
tron output depend linearly on the electric field strength and
the interelectrode gap width. For the interelectrode gap width
L � 200 mm and the electric field strength 400 kV mÿ1, the
plasma jet may have the temperature 15,000 K and the
velocity 5 km sÿ1.

The plasma jet characteristics were experimentally deter-
mined on an industrial plasmatronwith the interelectrode gap
width 200 mm. Spectral analysis of the plasma jet yielded the
value of temperature averaged over the plasma jet lifetime.
The plasma temperature was determined from the relative
intensity of iron lines. The time-integrated plasma emission
spectra show that the plasma temperature at the plasmatron
output is equal to 15,000 ± 20,000 K.

In high-speed photography of plasma jets, they exhibited
compression shocks and periodic structures (Figs 23a and
23b).Measurements of the initial jet diameter (the diameter of
the generator nozzle) and the distance to the first compression
shock permit calculating the jet velocity. One can see from the
photograph that the first shock practically consists of two.
This is due to the nonuniformity of the plasma jet, which
consists of jets with different velocities. We estimate the jet
velocity V by the formula

Lw � 1:3da
���������������
M2 ÿ 1

p
; �15�

a b

c

� 35.0 1 mm

Figure 22. SEM image obtained near the `triple point': (a) oblique section,

(b) surface after coating deposition, (c) coating surface fused with the

electron beam
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Figure 23. (a) A plasma jet freely emanating from the plasmatron nozzle,

(b) high-speed photography of the interaction of the pulsed plasma jet with

a barrier (substrate-target): 1 Ð plasma jet, 2 Ð shock-compressed layer
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which we rewrite as

V � a0

�������������������������������
Lw

1:3da

�2

� 1

s
; �16�

where da � 0:027 m is the diameter of the plasmatron nozzle,
M � V=a0 is the Mach number, Lw1

� 70 mm, and
Lw2
� 90 mm is the wavelength of the periodic structure

whose image was recorded by the high-speed photography.
The sound velocity a0 is determined by the formula

a0 �
���������
gRT

p
; �17�

where, in our case, g � 1:3 is the adiabatic exponent,
R � 300 J (kgK)ÿ1 is the gas constant, and T � 15000 K is
the jet temperature.

We substitute expression (16) into formula (17) to obtain
V1 � 5:4 km sÿ1 and V2 � 6:7 km sÿ1, which is consistent
with theoretical data.

The plasma jet structure is typical of a supersonic jet flow
in the underexpansionmode and corresponds to the explosive
nature of plasmatron operation, whereby the pressure in the
chamber may significantly exceed the ambient pressure. The
plasma jet ± barrier interaction picture is characterized by the
existence of the plasma jet 1 and shock-compressed layer
(SCL) 2 (see Fig. 23), which is quite typical [93].

Upon breakdown of the SCL, the electric current flows
through the plasma jet from the central electrode in the
plasmatron to the surface of the article being processed.
The electric current density in the plasma jet is
J � �1ÿ7� � 103 A cmÿ2 and the temperature T � 15;000 ±
30,000 K. The thermal flux into the article depends on the
electric current density and varies in the range
q � �0:1ÿ5� � 106 W cmÿ2. The thermal fluxes were esti-
mated on the basis of a theoretical analysis of the transient
heat conduction equation from the thickness of the hardened
layer of martensite-class steels [95].

The duration of plasma-pulse action and its energy
characteristics were controlled by varying the capacitance C,
the voltage Uch across the capacitor bank plates, the
inductance L in the discharge circuit, the distance to the
article surfaceH, and the dimension of the active plasma-jet ±
article interaction spot.

Experiments were staged to measure the temporal varia-
tion of electric current across the interelectrode gap, as well as
the current between the central electrode and the surface of
the article. The experiments were carried out with the use of
Rogowski loops by the well-known method [86] for the
following characteristics: C � 1000 mF, Uch � 3500 V,
H � 70 mm, L � 3� 10ÿ5 H. An analysis of the temporal
current distribution suggests that the electric resistance of the
SCL, which forms when the plasma jet impinges on the article
surface, is much higher than the resistance of the discharge
gap between the coaxial electrodes. The measurements
showed that the SCL breakdown occurs in only 1.2 ms.
During this period, the capacitors manage to become re-
charged and the expendable electrode is the cathode for 0.2ms
and then the anode again for 0.4 ± 0.6 ms.

The experiments revealed that the article surface initially
experiences elastodeformation interaction with the shock
wave and the pulsed plasma jet; then, in the SCL break-
down, the surface experiences the action of electric current.
The amplitude of the current is 5 kA. There results a pulsed
magnetic field up to 2000 Oe. Subsequently, for 3 ± 5 ms,

combustion and electrode erosion products flow onto the
surface.

A hardened alloyed layer forms as a result of pulsed-
plasma processing of articles made of an iron-based alloy.
The occurrence of apparent defects in the layer depends on
the plasma composition and the number of processing pulses.
For instance, oxide inclusions are seen in the layer after
processing by a plasma with increased oxygen content
(a > 1). No oxides were discovered after precisely the same
processing but with a < 0:8 (a � w=w0 is the excess oxidizer
coefficient, w0 � n�O2�=n�CnHm� is the molar stoichiometric
ratio, and w is the actual component ratio). For an oxygen-
propane mixture, w0 � 5. The hardened layer has a greater
thickness and homogeneity after multiple (5 pulses) pulsed-
plasma processing.

The greatest hardness of the hardened layer on U8 steel
samples, which had preliminarily been subjected to heat
strengthening and high-temperature tempering, was
achieved with the use of tungsten and molybdenum elec-
trodes. The processing was effected without surface fusion,
and the specific jet power was equal to 106 W cmÿ2.
Microhardness was measured on transverse metallographic
sections using a PMT-3 hardness meter and a diamond
Knoop pyramidion. The pyramidion load was P � 100 G.

The results of investigations of U8A steel samples
performed with a Neopot-2 microscope and a T-20 scanning
electron microscope show that the near-surface layer is
characterized by the presence of numerous white globules up
to 3.5 mm in size. X-ray diffraction patterns from the surface
of U8 and constructional steel samples processed under the
same regimes exhibit the same phase composition. The Auger
spectra of a processed steel surface contain high-intensity
carbon, titanium, and nitrogen peaks, the intensities of iron
peaks are appreciably lower, and the dark spots on the surface
consist almost entirely of carbon.

X-ray phase analysis of the surface layers of carbon ± steel
samples strengthened by a pulsed plasma jet reveals the
broadening of a-Fe lines and the emergence of the lines of
residual Fe austenite. Increasing the number of pulses is
accompanied by further broadening of the a-Fe lines for a
reduction of their intensity, as well as by a growth in the
relative intensity of g-Fe lines. Judging by the residual
austenite ± ferrite line intensity ratio, the amount of austenite
for the same processing regime is highest when a tungsten
electrode is used. X-ray spectrum investigations showed that
the material of the expendable electrode penetrates the
hardened layer of the article. For instance, when the
expendable electrode was made of titanium, it was discov-
ered in the hardened layer at depths up to 20 mm [95].

The magnitude of mass transfer of light elements was
determined by Auger spectroscopy techniques. The samples
were made of 9KhS tool steel (0.93% C, 1.4% Si, 1.1% Cr,
0.35% Ni, 0.4% Mn, 0.03% S, 0.03% P). The elemental
density distribution according to the depth of the layer was
investigated on the LAS-2000 facility using oblique sections
tilted by 8� to the surface. The measurement data were
averaged by a fifth-degree polynomial by finding the
minimum of the merit function (the root-mean-square
deviation) in the Mathcad 7 Professional environment on a
computer.

Experiments showed that article surface irradiation by
thirty plasma pulses (tp � 0:6 ms) has the effect that the
nitrogen density at the depth 20 mm ranges up to 3.2 at.%.
A similar elemental density distribution is attainable under
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thermal diffusion assuming the mass transfer coefficient of
the order of D � 10ÿ4ÿ10ÿ5 cm2 sÿ1.

By way of Auger spectroscopic investigations, it was
determined that the pulsed plasma processing of cast iron
rollers produces a surface layer containing molybdenum,
tungsten, chromium, titanium, carbon, iron, oxygen, and
other dopants, depending on the composition of the elec-
trode employed. At depths under the strengthened layer,
there are also molybdenum and carbon, whose peaks prevail
over the iron lines. The fused layer of cast iron is acicular
crystalline in structure and contains globules of the electrode
material. The layer microhardness at depths of 80 ± 100 mm is
equal to 10 ± 14 GPa.

The pulsed-plasma strengthening is achieved due to
ultrafast cooling of the article surface alloyed in the molten
state. The nonabrupt cluster boundaries and the `freezing'
owing to supercooling lead to the formation of metastable
structures with extremely strong fragmentation of structural
elements. This is demonstrated by transmission electron
microscopy data, as well as by the form of fracture.

The additional structural fragmentation arising from
plasma processing is confirmed by the occurrence of a nearly
continuous thin circle in the electron-diffraction pattern
corresponding to the (110) reflexes of a-Fe [95].

Upon solid-phase article processing by the pulsed plasma,
X-ray phase analysis revealed high-intensity austenite lines in
the modified layer, which become stronger with processing
intensification. The conclusion was reached on the strength of
literature data that this is due to the development of crystal-
lographic texture in the case of phase recrystallization under
cooling in the presence of a strong temperature gradient. It is
well known that the h001i direction in crystalline materials
with a cubic lattice is, under these conditions, oriented mainly
along the temperature gradient, whichmanifests itself in a rise
in the relative intensity of the (200) line.

An investigation of the broadening of X-ray diffraction
lines showed that the after-plasma-processing broadening of
both a-Fe lines and g-Fe lines may be considered to be
proportional to tan Q, which indicates that inhomogeneous
elastic lattice distortions make the dominant contribution to
the broadening [95]. These distortions may arise from elastic
deformations due to dislocations and/or the coherent
coupling of particles of different phases, as well as from the
nonuniform distribution of dopants, in particular titanium,
nitrogen, and carbon.

7. Conclusion

We have considered one avenue in technology Ð the use of
thermal plasmas for producing new materials and nano-
dimensional powders, depositing combined and protective
coatings, andmodifying the surfaces of materials by exposing
them to pulsed plasma jets. We have shown that the findings
of an investigation into this technological sphere may be used
to advantage in many branches of industry. At present, the
employment of pulsed high-speed jets offers promise as a tool
for obtaining new composite, highly doped materials on the
surfaces of articles made of constructional materials.

The thermal plasma processing of metal surfaces is under
development and will soon enjoy wide use for the compaction
of powdered materials, coatings, plasma-chemical vapor-
phase coating deposition, and the synthesis of fine powders
with nanometer-sized grains. The industrial development of
these technologies is largely dependent on the progress and

application of the methods for efficient inspection of the
technology, and the resultant coatings and materials.
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