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Today, protective coatings are applied to almost all parts and components of engineering products in order to en-

sure high performance properties of machines, with the lowest economic cost. The method of plasma spraying allows to 
apply heat-resistant coatings on a different kind of basis, in addition to a wide variety of materials.  Therefore, rocket 
and space engineering is primarily  interested in the method. 

In modern conditions of high rate of mechanical engineering development engineers must develop and put into op-
eration products within the shortest possible period of  time. As a rule, engineers select the modes of plasma spraying 
using the method of selecting the empirical relationship between the properties of the coatings and the values of the 
specified parameters of plasma spraying, which suggests conducting a huge number of experiments. That is why we see 
the need to find new methods for selecting the plasma spraying parameters, which are based on mathematical and ana-
lytical apparatus. 

We set the  task  to study and show the applicability and prospects of the proposed method. 
In the work we carried out the operations  of spraying nichrome coating, at  different values of the arc current. We 

studied  the adhesive  strength of the coatings obtained and their microstructure. We showed the relationship between 
the arc current and the adhesion of the coatings using their microstructure. These studies have made it possible to ex-
clude a large number of experiments, which usually establish an empirical relationship between the values of the input 
parameters of the deposition process and the values of the characteristics of the coatings obtained. In the future, we 
assume that the database of such relationships will make it possible to fully use this method in engineering industries. 
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На сегодняшний день практически на все детали и узлы машиностроительных изделий наносят защитные 

покрытия с целью обеспечения высоких эксплуатационных свойств машин при наименьших экономических  
затратах. Плазменный метод позволяет наносить, помимо широчайшего многообразия материалов, жаро-
прочные покрытия на разного рода основу. Поэтому данный метод, в первую очередь, интересен наиболее 
наукоемким отраслям, таким как ракетно-космическая техника. 

В современных условиях с высоким темпом развития машиностроения инженерам необходимо в кратчай-
шие сроки разрабатывать и сдавать в эксплуатацию выпускаемые изделия. Как правило, подбор режимов 
плазменного напыления осуществляется методом отыскания эмпирической зависимости макропараметров 
наносимых покрытий от значений входных параметров напыления, что предполагает проведение огромного 
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количества опытов. Следовательно, появилась необходимость в отыскании новых методов подбора парамет-
ров режима напыления, основанных на математико-аналитическом аппарате. 

Задача данной работы увидеть и показать применимость и перспективность предложенного метода. 
В работе проведены операции по напылению нихромового покрытия при разных значениях тока дуги.  

Исследованы адгезионная прочность полученных покрытий и их микроструктура. Показана взаимосвязь  
значения тока дуги и адгезионной прочности полученных покрытий через их микроструктуру. Данные исследо-
вания позволили исключить большое количество опытов, проводимых, как правило, с целью установления эм-
пирической зависимости между значениями входных параметров процесса напыления и значениями характе-
ристик получаемых покрытий. В дальнейшем предполагается накопление базы данных таких взаимосвязей, 
что даст возможность в полной мере использовать данный метод на машиностроительных предприятиях. 

 
Ключевые слова: плазменное напыление, защитные покрытия, микроструктурный анализ, металлографи-

ческие исследования. 
 
Introduction. The production of modern technology 

is not possible without the use of a wide range of coating 
methods, which make it possible to give the best perform-
ance to parts and components  of products at the lowest 
economic cost. One of the most effective methods for 
applying coatings to parts of products operating under 
extreme conditions (aggressive environments, high tem-
peratures, extreme loads, vibrations, etc.) is gas-thermal, 
in particular, the plasma method. 

The scope of the materials range that can be applied 
by gas-thermal methods is very extensive. The increased 
interest in the plasma coating method is due not only to the 
available list of materials that can be taken for spraying, but 
also to the possibility of applying refractory materials (for 
example, oxides, borides, carbides) on a completely different 
kind of substrate (both metals and plastic, glass, ceramics, 
etc.), at high quality indicators achievement (high values of 
adhesion, cohesion, low porosity, etc.) of the resulting coat-
ings [1–5]. As a result, the most high-tech industries, such as 
rocket and space technology and aircraft engineering show 
increased interest in progress in this direction. 

Today, the methods for selecting coating conditions 
are based on deriving an empirical dependence of the re-
sulting coatings properties (such as adhesion and cohesion 
values, residual stress level) on the input parameters of 
spraying modes (the arc current value, the plasma torch 
speed, the distance from the plasma torch nozzle to the 
substrate etc.) [4–10]. This approach requires the accumu-
lation of a large amount of statistical data by conducting a 
huge number of experiments (~ 1000) for each material 
with a certain ratio of components. 

This method works well in mass production, but in 
rocket and space technology, where each product is 
unique, this leads to irrational consumption of materials 
and equipment wear, as well as to large time consuming, 
which makes it necessary to find a new approach to the 
selection of mode parameters of plasma spraying. 

To introduce  the necessary operational properties of 
the obtained coatings at the design stage, it is necessary to 
have accurate knowledge about the effect of each of the 
main parameters of the spraying mode on the microstruc-
ture of this type of coating. In this regard, the task was set 
to identify the influence of the plasma spraying process 
parameters on the microstructure of one of the typical 
(similar to the most commonly used) coatings. The aim of 
this work was to establish an unambiguous relationship be-
tween the value of one of the parameters (the arc current 
value) and the resulting microstructure of this coating. 

Spraying and adhesive strength. The nature of the 
interaction and the completeness of the physicochemical 
reaction between the grains depends on the fused particles 
energy at the moment of collision with the substrate, 
which is made up of their temperature and speed. The 
whole variety of influences, which we call the spraying 
mode parameters, ultimately affects the speed of the par-
ticles and their temperature. 

To conduct  the experiments, the steel 45 was chosen 
as the base material, since this material is often used due 
to its cheapness and sufficient strength characteristics. 
Nichrome coating (NiCr) is often sprayed onto the steel as 
a buffer layer between the steel and the main heat-
resistant coating to equalize their linear coefficient of 
thermal expansion values. The adhesion between the base 
and the layer sprayed on it determines the adhesion of the 
entire coating. Adhesion is one of the main indicators 
characterizing the coating quality [2; 5–14]. 

The spraying was carried out on 50 × 20 mm size 
plates, necessary for studying the coatings morphology, 
and “heads”, in order to establish the adhesive strength of the 
coatings obtained. The parameters of the plasma spraying 
process were selected based on works [1–11; 15], and taking 
into account  the experience of laboratory engineers. The 
spraying process parameters are given in tab. 1.  

 
Table 1 

Parameters of spraying modes 
 

Gпг, l/min 
Sample  № I, A U, B 

Ar H2 
Gпор, kg/мmin L, mm v, m/s δ, mm n 

1-14.03.19 250 97 

2-14.03.19 300 88 

3-14.03.19 350 83 

50 5 0,032 90 0,3 6 2 

 

Note. I is the current strength (A); U is the voltage (V); Gпг – consumption of plasma-forming gas components (Ar – argon, H2 – 
hydrogen); Gпор – powder consumption (kg / min.); L is the distance from the nozzle exit to the spraying surface; v is the plasma 
torch speed; δ is the distance between adjacent spray paths; n is the number of spray layers. 
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a             b          c 
 

Fig. 1. The boundary between the grains of the coating: 
a – when the arc current is equal to 250 A; b, с – when the arc current is equal to 350 A 

 
Рис. 1. Граница между зернами покрытия: 

а – при значении тока дуги равном 250 А; б, в – при значении тока дуги, равном 350 А 
 

 
All operations for the preparation and conducting of 

plasma spraying, as well as experiments to establish the 
adhesive strength of the obtained coatings, were carried 
out in the “Plazhim” laboratory of Reshetnev Siberian 
State University of Science and Technology. 

The coatings adhesive strength was studied using “Eu-
rotest-T50” tensile testing machine. The obtained values 
of the coatings adhesive strength are presented in tab. 2. 

 
Table 2 

Adhesive strength of coatings 
 

Sample № I, A P, kN σ, MPa 

4-14.03.19 250 6,315 12,862 

5-14.03.19 300 6,609 13,463 

6-14.03.19 350 6,895 14,045 
 

Note. I is the value of the arc current; P is the force at which 
the coating separated from the sample; σ is the adhesive strength 
of the coating. 

 
Microstructural studies. All studies related to the 

clarification of the obtained microstructure of the coatings 
were performed on the equipment of the center for collec-
tive use of the FRC KSC  SB RAS. To begin with, it was 
necessary to find out the shape and nature of the particles 
forming the coating location relative to each other, includ-
ing the surface area along which both the particles are in 
contact with each other and the particles with the base 
surface. To do this, a FB-2100 scanning ion microscope 
was used  (with a focusable ion beam setup, which makes 
it possible to cut samples with  ~ 100 nm thickness), with 
the help of which it was possible to establish that, for this 
material, an increase in the arc current leads to an increase 
in the area of adhesion hotbeds and , further, to merge 
them together. Also, a decrease in the distance between 
grains with an increase in the arc current can be noticed, 
which is shown in fig. 1. All this affects the increase in 
the coating mechanical characteristics. 

According to the data obtained, it can be seen that a 
further increase in the arc current, a decrease in the di-
ameter of the sprayed particles, and an increase in the 

speed of the sprayed particles will not have a strong effect 
on adhesion and cohesion, since the grains have almost 
the maximum contact surface area between them. 

The interaction of particles between each other and 
with the substrate. The limiting value of the coating ad-
hesion value, in theory, is the smallest value of the ulti-
mate strength between the base and coating materials. 
This is based on the following considerations: after mol-
ten particles get on the base material and deform, during 
crystallization, a chemical compound of the base material 
and the coating is formed in the places of adhesions, 
which is stronger than the two pure materials. When  
the coating is separated of the base, the destruction occurs 
not at the coating – base interface, but with one of the 
materials (substrate, or coating) tearing out [8–13]. 

In practice, it is not possible to achieve such adhesion 
values for gas-thermal coatings, since the adhesion be-
tween the materials does not occur over the entire grain 
area, but only partially; as well as for reasons of rapid 
metal oxidation at elevated temperature, gas adsorption 
during spraying in the atmosphere, etc. As a result, the 
adhesion values are  lower than the strength values of the 
base and coating materials. 

Therefore, in order to clarify the nature of two materi-
als interaction, we cut samples of 5 × 3 × 0.1 μm at the 
base – coating boundary and studied using the  Hitachi 
HT7700 transmission electron microscope. 

As a result of the study, we found that possible chemi-
cal compounds between steel and nichrome are practically 
absent. Instead, an amorphous phase appeared at the 
boundaries between the grains of steel and nichrome, in-
cluding equal amounts of Ni, Cr, Fe atoms, which was 
shown by element analysis (in fig. 2 the areas with an 
amorphous structure are marked by ovals; in fig. 3 the 
result of the element sample analysis is given). 

It is known that at high cooling rates (comparable in 
order with values of  107 – 109 K / s) from a melt of sub-
stances having a crystalline structure at room temperature 
in a thermodynamically equilibrium state, they acquire an 
amorphous structure. Particles melted on the surface carry 
an enormous amount of energy, sufficient to melt the sur-
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face steel layer in fractions of a second when they hit the 
substrate. The molten NiCr mixes with the molten layer of 
steel and, due to the strong heat removing  to the substrate 
(steel), the mixed melt does not have time to form a crys-
talline structure [8–14]. Obviously, to reduce the cooling 
rate of the molten layer, it is necessary to spray onto an 
artificially heated substrate. 

It is worth noting that a chemical compound has nev-
ertheless partially formed, which is recorded in the ob-
tained microstructure images (in fig. 4, the areas with the 
chemical compound are indicated by circles). This sug-
gests that the substrate temperature, which is equal to 
room temperature, is close to that necessary for the 
chemical reaction between Cr, Ni, and Fe elements. In the 
future, the studies on the formation of the NiCr coatings 
microstructure depending on the temperature of the artifi-
cially heated substrate during the plasma spraying process 
should be carried out. 

Conclusion. Based on the results of the work done, 
we can see the effectiveness of the parameters selection  
of the plasma spraying mode by the method which in-
cludes the study of the resulting coatings microstructure. 
Thus, the coatings morphology study made it possible to 
draw conclusions about the effect of the arc current on the 
adhesion of the obtained coatings without carrying out a 
large number of experiments. 

In the future, the accumulated knowledge regarding 
the effects of each spraying mode parameters on different 
properties of the coatings will allow to minimize the 
number of necessary experiments, as well as to develop 
mathematical and analytical methods for selecting spray-
ing modes for new materials. 

In the future, it is necessary identify groups of ma-
terials which differ in the nature of the influence  
of spraying mode parameters on the formation of the 
microstructure. 

 
 

                 
 

a             b          c 
 

Fig. 2. The areas with amorphous phase (marked by ovals): 1 – NiCr; 2 – Steel; 
а – General view of the sample; b – some enlarged areas 

 
Рис. 2. Области с аморфной фазой (выделены овалами): 1 – NiCr; 2 – сталь; 

а – общий вид образца; б – некоторые увеличенные области 
 
 
 

           
 

a             b          c 
 

Fig. 3. Topographic map of elements obtained by element analysis: 
а – the dedicated area for analysis; b – the map Fe; с – the map Ni and Cr 

 
Рис. 3. Топографическая карта элементов, полученная в результате поэлементного анализа: 

а – выделенная зона для анализа; б – карта Fe; в – карта Ni и Cr 
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a             b          c 
 

Fig. 4. The areas with formed the chemical compound (marked by ovals); A – amorphous phase: 
a – General view of the sample; b, c – some enlarged area 

 
Рис. 4. Области со сформировавшимся химическим соединением (выделены овалами); 

А – аморфная фаза: а – общий вид образца; б, в – некоторые увеличенные области 
 

 
For example, in some literary sources, such as [2],  

it is stated that an increase in the value of the arc current 
unambiguously leads to an increase in the number of ad-
hesion hotbeds between grains. In our case, when NiCr 
interacted with the steel, an increase in the arc current led 
to an increase in the cross-sectional area of the adhesion 
hotbeds. Such a discrepancy in the results directly indi-
cates that for various materials a change in the spraying 
parameters values can have a different effect on the mi-
crostructure of the coatings, and therefore on their proper-
ties. All this determines the vector of further work in this 
direction. 
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