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Abstract. The article shows that during plasma-diffusion deposition, a multilayer coating was formed on the surface of the niobium 
alloy. A highly porous plasma-sprayed layer of molybdenum silicide has a significant spread in thickness (h=100...350 μm, Hμ20=6880 MPa). 
When studying the microstructure of samples with a plasma-diffusion coating after testing, it was found that cracks in the coating 
originate in the process of creep, mostly at the interface between the plasma and diffusion layers of the coating. The source of their 
origin is individual discontinuities in the diffusion layer as delivered. Crack propagation occurs both into the plasma and diffusion 
layers of the coating. Crack growth in the plasma layer is inhibited due to the rounded nature of the pores and the increased plasticity 
of this layer. The growth of cracks deep into the sample is, as a rule, inhibited by a boride sublayer. The advantage of plasma-diffusion 
technology provided an increased plasticity of the coating, the presence of thin barrier sublayers, a discontinuous coating structure, 
the presence of low-melting compounds that contribute to the healing of defects in the coating, an increase in its corrosion resistance 
and resistance to thermal fatigue destruction. The combination of these properties made it possible to provide an increase in durability 
compared to silicide and borosilicide coatings under conditions of isothermal creep in air (1400 °C, 50 MPa) 1.9...3.7 times and under 
conditions of thermal cyclic creep (1400-250 °C, 50 MPa) in 6.8...8.5 times. It has been determined that the use of a discrete structure 
will increase the thickness of the coating layer and ensure an increase in their working properties.

Keywords: alloy, multicomponent coatings, plasma-diffusion coatings, heat strength, heat resistance.

Introduction 

Nickel alloys, which provide heat resistance of high-
temperature paths of many generations of aerospace tech-
nology, have practically realized their technical potential. 
Improving their performance due to traditional strengthen-
ing technologies have almost completely exhausted them-
selves, in particular, doping, as an effective method of in-
teraction on the structure and properties, has practically 
used its potential. The operating temperature of nickel al-
loys is ~ 1100 оС and is 80–85 % of the melting point of 
the nickel matrix (solid solution based on Nickel) ~ 1350 оС. 
Niobium and its alloys are one of the real competitors of 
nickel materials, the areas of application of which are in-

tensively studied. High heat resistance and moderate den-
sity, approximately equal to the density of alloy steels, 
allow us to consider niobium alloys as a replacement for 
nickel superalloys in aerospace gas turbine construction. 
Also promising niobium alloys in ground and space nuclear 
power plants. Table 1 shows a comparative analysis of the 
physical and mechanical characteristics of nickel and nio-
bium as the basis materials of heat-resistant alloys. 

Table 1. Physico-mechanical characteristics of nickel and 
niobium 

 Jung's 
module, 

GPa 

Den-
sity,  

g/cm3 

Brinell 
hardness, 

MPa 

Coefficient of 
thermal linear 

expansion,  
10-6ꞏК-1

Melting 
point, 
оС 

Ni 
Nb 

200 
155 

8,91 
8,57 

700 
750 

13,5 
7,08 

1455 
2469 

However, the main obstacle to the introduction of ni-
obium alloys is the problem of their interaction with active 
gases and high-purity coolants. 
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Thus, the rate of oxidation of niobium in air at a tem-
perature of 1100 ºC is 300...350 g/gm2 [1]. They try to 
solve the protection problem by using special heat-resistant 
alloys with higher resistance to corrosion damage. Thus, 
doping of niobium with various additives reduces the rate 
of its oxidation in air at 1100 ºС to 40...1250 g/gm2 (how-
ever, this level of oxidation intensity is much higher than 
the allowable limits) [1]. Therefore, the main direction is 
the use of protective multifunctional coatings. 

The aim of the work is to outline the tendencies and 
means of optimal increase of their durability on niobium 
alloys in oxidizing environment, as well as to determine the 
conditions of reduction of initial strength and deformability 
of niobium alloy during coating. 

Problem status 

Many studies, including reviews [2–5], are devoted 
to the development of coatings on niobium alloys. The 
basic physicochemical principles of creating heat-resistant 
heterophase coatings and groups of coatings for different 
temperature-time intervals are considered [6]. 

Almost all surface hardening technologies have been 
tested to strengthen niobium alloys. Ni-coating was applied 
by traditional galvanic technology [2]. The prospects of sil-
icate deposition at asymmetrically rectified current are 
shown. Up to 900 °C, composite electrolytic coatings of 
the Ni-B-Cr system work successfully in air. However, the 
use of galvanic coatings is prevented by the solubility of 
hydrogen in niobium, which dramatically reduces its duc-
tility [1]. 

The most widespread methods of chemical and ther-
mal treatment of niobium alloys. Traditional alliteration, 
silicification, drilling are used [2–7]. Analyzing the ad-
vantages and disadvantages of aluminide and silicide coat-
ings, note the prospects of coatings based on complex sili-
cides, especially in the direction of increasing their ability 
to self-healing. The efficiency of protection and mechani-
cal properties of silicide coatings are increased by intro-
ducing modifying elements B, Fe, Be, Cr, Ti, V, Ta, W, 
Mo [3]. 

Boron doping of silicic coatings has become wide-
spread [8]. The technological process can be carried out in 
one step when using as a diffusion source a powder mixture 
containing compounds Si and B. Barrier properties of bo-
ride phases allow to form on niobium borosilicide coatings 
with different arrangement of boride and silicide layers, 
thus providing its specified physicochemical properties [5]. 

Therefore, the gradual formation of borosilicide 
coating is a flexible technological process that allows you 
to control the structure of the multilayer coating [7]. A 
morphological model of two-stage processes of complex 
coatings on niobium is proposed [4]. 

Unmodified diffusion silicide coatings on niobium 
alloys have high heat resistance. However, the service life 
of such coatings and operating temperatures, especially in 
thermal cycling, are insufficient. In order to increase heat 

resistance and increase heat-fatigue characteristics, mul-
ticomponent diffusion coatings based on the Ti-Si system 
have been developed [9]. It is established that the activity 
of Ti and Si in the saturated mixture are the main control-
ling factors for the creation of coatings of high heat re-
sistance. Coatings of optimal composition allowed to in-
crease the temperature limit of heat resistance of the sub-
strate to 2000 ºС. 

Numerous combinations have been studied in the 
practice of modifying silicide coatings on niobium. To in-
crease the heat resistance of niobium, multilayer Al-Si 
coatings with a thickness of 40...50 μm were used. The 
two-layer coatings had a different phase composition – the 
inner layer NbSi2, the outer consisted of ternary com-
pounds Nb-Al-Si [10]. In order to increase the heat re-
sistance, the possibility of increasing the content of Cr and 
Ti in the silicide coating on Nb-alloys BH2 and BH3 by 
sequential application of diffusion sublayers by immersion 
in a salt melt [2]. The Ag-Si-Al system coating is patented. 
To increase the thermal fatigue characteristics of silicic 
coatings using the Co-B system. The effect of copper on 
borosilization of niobium, as well as the effect of copper 
and sulfur have been studied [7]. The joint diffusion satu-
ration of niobium with titanium and zirconium provided a 
positive effect. Complex saturation with silicide provides 
complex structures with the main phase of MoSi2 [11]. 
Metal components in the powder medium provide double 
and triple silicides such as Cr1-xFexSi, Cr1-xCoxSi,  
Cr1-xFexSi-(Cr1-νFeν)5Si3. Heat-fatigue characteristics are 
increased by silicification in a mixture of TiSi2, disilicide 
of metals of IV or VI groups and aluminum fluoride [3]. 

It should be noted the best results to date for the pro-
tection of niobium alloys – developed a method of vacuum 
activated diffusion saturation [12]. The method provides 
for the application of a complex coating on niobium when 
Mo, Ti, Cr, Ni, Al, Si, B are present in the reaction zone. 
The heat resistance of the new coatings was studied on ni-
obium rods with a diameter of 2 mm and a length of 
100mm. The coating with a thickness of about 100 μm was 
applied at temperatures of 1423-1573 K and a pressure of 
10–1…10–2 Pа. At a test temperature of 1700 °C in air, the 
best results (55 hours) were shown by the coating of mo-
lybdenum borosilicides [Mo(SixBy)2], with an outer vitre-
ous borosilicate film, which provided a self-healing effect. 

Coating of niobium alloys in liquid metal melts has 
been used in industrial practice [13]. As transport melts, 
low-melting metals with the addition of alloying elements 
are used. The expediency of using Al-based transport melt 
with alloying additives Si, Cr, Mo, Ti, Y, Ni, Zn, Sn has 
been confirmed. The most stable were multicomponent 
coatings obtained with the addition of Si and Cr. Apply a 
liquid metal melt based on Na with alloying additives Al, 
Si, Ti, Cr. Melts of refractory metals – Na, Bi, Pb, Sn, Re, 
Zr, Re-Pd, Zr-Pd – are used as transport. From the Na 
melt, a platinum-containing layer was applied to the Nb al-
loy [14]. 
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Of the methods of chemical-thermal treatment for 
surface hardening of niobium alloys used gas nitri- 
ding [15]. Special nitrided niobium alloys have been devel-
oped. The influence of alloying elements on the nitrogen 
content of niobium has been studied. The regularities of ni-
triding of niobium alloys, the influence of temperature, du-
ration of processing and alloying elements on the structure, 
phase composition and hardness of diffusion layers have 
been studied [16]. It is established that β-nitride of the NbN 
type is formed on the surface of Nb alloys nitrided in the 
range of 600-800 °С, and a more stable ν-modification of 
the nitride of the same type is formed in the range of 900–
1000 °С. Under the surface nitride layer is a thin layer of 
nitride Nb2N, and behind it – a zone of solid solution N2 
with inclusions of nitrides in Nb alloying elements. Doping 
of Mo, Ti and Zr leads to an increase in hardness directly 
under the nitride layer and to a decrease in the thickness of 
the nitrided layer. Nitriding was carried out in a wide tem-
perature-time range and ambient pressures – at tempera-
tures of 600–1300 °C and exposure for 15 minutes – 
52 hours. The best results were obtained at 800 °C and a 
nitriding duration of 15 minu-tes [17]. 

It should be noted a series of studies on the effects 
of nitrogen-containing media on niobium [18, 19]. Note the 
significant increase in resistance to oxidation at high tem-
peratures. The nature of the chemical bond in niobium ni-
tride is such that these compounds have a metal-like struc-
ture, ie, along with covalent metal-nitrogen bonds, they 
partially retain metal-metal bonds, which give stability to 
the crystal lattice [19]. 

Coated on niobium from the gas and solid phas- 
es [18]. The gas phase was ammonia, and the solid phase 
was powders containing Si and Al. This treatment made it 
possible to obtain complex multilayer coatings. Of the 
solid-phase reagents, the greatest action was caused by the 
combined action of ammonia and a mixture of SiC + SiO2. 

The thermal stability of the nitrided layers was eval-
uated by the effect of the duration of vacuum annealing. 
The thickness of the diffusion zone of the nitrided layer is 
determined by the simultaneous flow of two processes: sat-
uration of the alloy with nitrogen due to diffusion from the 
surface and impoverishment of the alloy with nitrogen as a 
result of desorption of N from the sample surface. An ana-
lytical expression of the dependence of the thickness of the 
diffusion zone in the alloy MN-1 on the time of vacuum 
annealing is proposed. The maximum thickness of the dif-
fusion layer for the alloy MN-1 was 280 μm with nitriding 
at 800 ºC, for 3 hours and vacuum annealing for 1 hour at 
1100 ºC [5]. 

The effect of previous plastic deformation on the ni-
triding kinetics of niobium alloys was investigated. The de-
gree of compression ε was 25...90 %. It was found that the 
thickness of the nitride zone and the zone of internal nitrid-
ing is extremely dependent on ε, reaching the maximum 
values of ε = 25...50 % for different alloys [4]. 

The tendency of transition from gas nitriding to ionic 
nitriding in the glow discharge is also observed during the 

strengthening of niobium alloys [20]. Ion nitriding tem-
perature 1000 ºC, duration up to 5 hours, gas pressure 
4...13 mm Hg. 

New possibilities of strengthening niobium alloys 
are opened by the technology of thermocyclic ionic ni-
triding [21]. The peculiarities of this technology are that 
the thermocyclic mode creates thermal stresses in the sur-
face layer, which accelerate diffusion. The cyclic mode of 
heating by a glow discharge provides necessary temper-
ature only in a surface layer of a detail without heating of 
a core. The effect of anomalous mass transfer under the ac-
tion of thermal stresses accelerates the diffusion of nitro-
gen 3 times. The thermocyclic mode with heating of only a 
surface layer provides reduction of energy consumption to 
10 times in comparison with the classical isothermal mode. 
However, the main advantage of the thermocyclic regime 
of HTO is to improve the quality of the coating by grinding 
the grain size more than 2 times. Microhardness increases 
by 20 %, the hardness gradient decreased by more than 3 
times. Reducing the hardness gradient reduces the level of 
stress concentration under reduced loads. 

Glow discharge treatment is also used to silicify ni-
obium. Saturation was performed in anhydrous Si+SiCl4 
medium in a closed-volume system at a pressure of 10 mm 
Hg. for 1 hour at temperatures up to 1400°C. 

Known works on high-temperature cementation of 
niobium, but they have not found industrial applicati- 
on [22]. The process of nitrocementation of niobium spring 
alloys in melts of KNCO and K2CO3 salts is available in 
industrial application. 

Traditional enameling and slip-diffusion coatings 
are used to protect niobium alloys [1]. In the literature, this 
technology is called the method of surfacing. Powders of 
the Si-20Cr-5Ti and Si-20Cr-20Fe system on a varnish ba-
sis with vacuum firing at a temperature of 1370 ºC, glass 
enamels of the Al2O3-SiO2-P2O5-BaO composition are 
used. The powder was applied by electrophoresis. Note the 
high efficiency of slip coatings. The MoSi2-based coating 
works at 1400°C in air for 300 hours, the Si-Cr-Fe compo-
sition coating at 1550 °C worked for 4 hours and withstood 
553 heat change cycles. Heat resistance and heat resistance 
up to 1900 ºC have coatings on niobium, obtained by diffu-
sion militia of baked layers of Mo – (0,5...1,5) Pd [1]. 

Gas-thermal plasma spraying is used to protect nio-
bium alloys [1]. The coating of the Si-Ti-Mo system pro-
tects niobium from oxidation in the temperature range 
1300–1400 ºC. In the range of 1200...1600 ºC workable 
coating system Hf-Ti-Mo-Nb-silicides with additives of 
carbide and boride Ti stoichiometric composition. The 
multi-component silicide coating in a given temperature 
range retains more Si-rich silicides Ti and provides heat re-
sistance and ductility. The high porosity of plasma coatings 
limits their use in finishing operations [1]. Therefore, they 
are used in multi-operational technologies as aids. How-
ever, to protect niobium and its alloys, physicochemical ba-
ses for the creation of special heterophase alloys for the 
formation of powders of these alloys by plasma spraying 
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more effective than traditionally used, heat-resistant pro-
tective coatings have been developed. They also try to pro-
tect niobium by spark plasma sintering [23]. 

Known works on the protection of niobium alloys by 
deposition from the gas phase (PVD-method). Complex 
silicide coatings of the NbSi2-MoSi2 type were applied by 
vacuum-plasma deposition [24]. These coatings worked 
for 10 hours at 1400 °C in air. Multilayer coatings based 
on MoSi2 were applied by magnetron sputtering [25]. Lim-
its the use of PVD-methods in the protection of niobium in 
the presence of the droplet phase, which leads to defects in 
the coating. The application of Mo by vacuum-plasma 
method with subsequent silicification did not lead to a sig-
nificant increase in heat resistance due to the presence of a 
droplet component [26]. 

The use of separators in PVD devices has avoided 
the formation of a droplet phase [42]. This significantly ex-
pands the possibilities in the application of promising tech-
nologies in the application of multilayer coatings on nio-
bium alloys. 

The possibilities of laser technology for coating nio-
bium have been investigated. Laser technology is used for 
applying metal sublayers for applying silicide coatings. La-
ser pulses donate tungsten to the surface of niobium. Alu-
minide and silicide coatings were applied by laser treat-
ment of a mixture of Al and Si powders [27]. 

A number of disadvantages prevent the widespread 
use of protective coatings. To overcome them, there is a 
tendency to develop multi-operational technologies. The 
combination of several technological techniques in one 
process improves many properties of coatings. The trend in 
the development of multi-operational technologies has de-
veloped with the strengthening of niobium alloys. Thus, la-
ser technology is the finishing touch in the formation of 
dense coatings such as ZrO2-Y2O3 after slip, plasma and 
diffusion treatment of niobium [27]. 

The multicomponent coating of type (W, Mo)(Si, 
Ge)2 was obtained by a two-stage process comprising a 
vacuum-plasma layer of Mo–30 % W with a thickness of 
50–5 μm, followed by diffusion saturation of Si and Ge 
from a powder mixture containing NaF activator. Ge addi-
tives increase the heat resistance of the coating by increas-
ing the CTE of the SiO2 film. The coating withstood 
60 thermal cycles with a maximum temperature of 1540 °C 
[28]. Diffusion coating of Cr-Ti-Si was applied to the sub-
layer of MoSi2, applied by the plasma method. Composite 
coatings such as Mo-nitrides of molybdenum were ob-
tained by nitriding gas-thermal spraying of Mo. The effect 
of heat treatment (annealing in air) on diffusion coatings of 
the B4C-TiSi2 type and on the MoSi2-B4C plasma coating 
was investigated. Silicidal coating with additives Mo-Ti-
Al, obtained by a combination of diffusion and plasma 
methods, was treated by annealing in the temperature range 
1200–1500 ºC. 

The development of technologies for strengthening 
niobium is accompanied by a study of the complex proper-
ties of coatings. Metallographic, X-ray diffraction, micro-

X-ray spectral analyzes and DTA investigated the effect of
various alloying elements on the properties of coatings.
One of the tasks when choosing alloying elements is to re-
duce the temperature of formation of slip coatings.

The main task is to protect niobium from high-tem-
perature high-intensity oxidation. However, up to 800 ºC 
solid solutions of oxygen in niobium are formed, above 
800ºC oxides are formed, which are easily separated from 
the metal [1]. Therefore, low-temperature [29, 30] and 
high-temperature oxidation of niobium [1] are investi-
gated. An increase in the fragility of niobium with oxygen 
has been established, even the term “catastrophic increase 
in the fragility of the material” is used [29]. Structural 
changes in the surface layer caused by oxygen saturation 
can determine the level of mechanical properties of the ma-
terial. The depth of the saturation zone is determined by 
microhardness, based on the dependence of this character-
istic on the concentration of oxygen in niobium [29]. The 
change in oxygen concentration in niobium was deter-
mined by the method of internal friction, the lattice period. 
Microhardness and ductility under bending at a tempera-
ture of 785 ºC and air pressure of 10–4 mm Hg. After 
5 hours, the plasticity of niobium decreases sharply, at 
20 hours – drops to zero. We studied the increase in the 
brittleness of niobium with oxygen at low strain rates in the 
temperature range 77...1100 K and in the range of strain 
rates in tensile strength 510–5...210–1 sec–1. Therefore, the 
effectiveness of heat-resistant coatings on niobium is also 
determined by their resistance at normal temperatures, 
which eliminates oxygen saturation. Even the allowable 
low temperature limit of operation is set to avoid increasing 
the fragility of the material [31]. 

The thermal stability of niobium coatings was eval-
uated by changes in the structure and composition of the 
coating, as well as the kinetics of formation and structure 
of intermediate phases in the interaction of coatings with 
Nb-substrate in wide temperature-time intervals in oxidiz-
ing media and in vacuum [5]. 

Sufficient attention is paid to the determination of 
elastic permanent coatings on niobium [25]. Note the high 
damping properties of coatings on niobium, which are pro-
vided by the porous structure of the coating [32]. 

A significant disadvantage of protective coatings is 
the reduction of strength and ductility of the base material. 
This disadvantage is inherent in coated niobium alloys. De-
spite the large number of studies, there is no clarity on this 
issue. Difficulties in explaining the contradictions are 
caused by differences in the method of coating and their 
testing. A wide range of combinations of base materials 
and coatings, a variety of application technologies do not 
allow to compare a number of results and draw generalized 
conclusions. In practice, protective coatings are forced to 
put up with the phenomena of reducing the initial strength 
and ductility. At least for the sake of preservation of heat 
resistance in the oxidizing environment. 

For niobium alloys VN-3, the coating coating 
showed a decrease in the level of mechanical properties 
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both at room temperature and at 1100 ºC. A particularly 
strong decrease in σb (up to 40 %) at 1100 ºC was detected 
on samples with a complex coating of the Cr-Ti-Si diffu-
sion layer with the MoSi2 sublayer applied by the plasma 
method. The short-term strength and ductility of the 5VMC 
niobium alloy with a slip coating of the MoSi2-HfSi2 type 
in vacuum, inert medium and in air in the temperature 
range 290...2070 °С are determined. The coating reduced 
the strength characteristics of the Nb alloy by 10...40 % in 
almost the entire temperature range studied. The plastic 
properties of the composite are 1,5…4 times lower than the 
properties of the base. Similarly, the strength and ductility 
decreased during the tests in the initial state, after anneal-
ing and when applying a silicide-ceramic coating in the 
temperature range 290…2270 K in vacuum, inert medium 
and in air [34]. Al-Cr-Si and Al-Cr-Si-Ti coatings do not 
change the strength of the NCU alloy at room temperature, 
but reduce it at 1100 ºC [33, 34]. 

During tensile tests of the VN-3 alloy, an increase in 
brittleness with a simultaneous decrease in the tensile 
strength was observed in the temperature range of 
500...700 ºС, which is associated with gas saturation of the 
surface. The increase in the brittleness of the alloy VN-
2AE after contact in the solid phase with graphite and in-
dustrial insulation at 1373 K and a duration of 103 hours in 
argon and vacuum was investigated. Silicidal coatings pro-
tected the alloy from brittle fracture, although reduced the 
initial mechanical properties. Criteria for determining the 
strength and plastic properties of the composite depending 
on the structural state have been establishhed [31]. 

In [46], the decrease in the initial strength and de-
formability of the base during coating is explained by the 
transition of the crack through the adhesive layer of the 
brittle coating layer. Therefore, the main factor is the 
strength of the adhesive bond. The criterion of strength of 
the “base-coating” system sets the value of the maximum 
allowable adhesive strength from the condition of stopping 
the crack. 

The creep resistance of Nb-alloys with silicide coat-
ings in the temperature range of 1426...1760 °C was de-
fined as the stress causing deformation equal to 2 % for 
1...60 minutes The creep and long-term strength on small 
temporary bases of 5VMC alloy with silicide coating in the 
temperature range 1770 ... 2020 K were studied. The values 
of creep limit on tolerance of 0.5 and 1.0 % of residual de-
formation on the basis of 0.1 were obtained; 1.0 and 
10 hours at a temperature of 1770, 1970 and 2020 K in vac-
uum, inert medium and in air. It was found that the charac-
teristics of heat resistance in a protective environment are 
lower than in air, and the creep resistance in a protective 
environment is higher than in tests in vacu- 
um [35]. 

Note a number of positive effects in the nitriding of 
niobium alloys. The value of the modulus of elasticity E of 
nitrided niobium alloy increases with increasing both tem-
perature and nitriding time. The elastic limit with increas-
ing nitriding time increases by 3...5 times. With increasing 

nitriding temperature, the value of the tensile strength mon-
otonically increases by 1,5...2,0 times, and the value of the 
relative elongation decreases monotonically when tested at 
room temperature [36]. 

Increasing the nitriding temperature from 1100 to 
1500 ºC at a holding time of 1 hour increases the hardness 
of niobium alloys from 1400 to 2000 kg/mm2. The tensile 
strength of pure niobium increases by 25...30 % at 800 ºC 
and has almost no effect on heat resistance at 1000 ºC. And 
for the alloy VN-3 tests for creep and long-term strength at 
900...1400 °C showed an increase in the time to failure and 
improve the characteristics of creep resistance by 1,3...2,5 ti-
mes do not lead to a decrease in ductility [36]. 

The increase in heat resistance of niobium alloys is 
explained by the stabilization of processes occurring in the 
volume and at the grain boundaries due to the release of 
dispersed nitride particles. The increase in heat resistance 
is associated with coherent dispersed nitride phases re-
leased in the grain volume and at their boundaries, as well 
as in the form of individual chains at the boundaries of the 
blocks. The composition of the selection is defined as ni-
tride Nb and Zr [36]. 

A significant disadvantage of nitriding niobium al-
loys is the increase in the fragility of the diffusion layers [36]. 
One of the reasons for the fragility of the alloy at room 
temperature after nitriding is the segregation of gaseous 
impurities at the grain boundary and in the boundary vol-
umes, which causes increased microhardness of the bound-
aries. One of the reasons for the fragility of nitrided Nb-
alloy may be treatment with ammonia [19]. Set nitriding 
modes that provide the optimal combination of property- 
es [36]. 

Insufficient heat resistance and heat fatigue of coat-
ings on Nb-alloys are noted [9, 12]. The change of the main 
mechanical characteristics of the coated niobium alloy de-
pending on the number of heating cycles up to 1315 °C at 
a pressure of 3...5 mm Hg is shown. [33]. 

The range of experimental means for testing coat-
ings on niobium alloys is quite wide – from nano- and mi-
croindentation [37] to multi-parameter bench tests. It 
should be noted that the state of experimental means for 
determining the properties of coatings is characterized by 
a great variety and difference of test methods, shapes and 
sizes of samples, test modes, methods of heating and cooling. 

Research methodology 

The method of accelerated testing of materials with 
heat-resistant coatings in air under conditions of thermocy-
clic creep is used. In Ukraine, this technique is standard-
ized [38]. The main damaging factor is abrupt cyclic heat 
changes. Continuous recording of the creep curve charac-
terizes all changes in the coating and in the area of adhesive 
contact with the substrate until the destruction of the sample. 

The trend in the development of high-temperature 
tests is the transition from isothermal to thermocyclic re-
gimes. In thermocyclic tests, the rate of oxidation in air is 
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significantly higher than in isothermal [39]. This fact al-
lows to reduce the duration of tests and serves as a basis for 
the creation of accelerated test methods for coatings. An 
advanced direction in the testing of coatings is the use of 
methods of thermomechanical fatigue – TMF [40, 41]. The 
new technique simulates the simultaneous action of opera-
tional factors: mechanical load, high temperatures, sudden 
heat changes, oxidizing environment. The non-additivity 
of the strengthening effect requires testing under the sim-
ultaneous influence of operational factors. This is the only 
way to get the most reliable information about the proper-
ties of coatings. 

The technique is implemented in the laboratory in-
stallation “Shchelkunchik” [42]. A distinctive feature of 
the installation is the heating and cooling of the sample by 
focusing the radiant energy in an optically closed cavity 
with cold mirror walls. Radiant heating, in contrast to the 
methods of heating by direct transmission of electric cur-
rent through the sample and heating with high frequency 
currents (microwave) eliminates the effect of electroplastic 
and magnetoplastic effects. These effects lead to errors of 
tens of percent in determining the strength and ductility. 
Accelerated cooling of the sample is carried out by focus-
ing its own thermal radiation on the absorber [42]. The ad-
vantages of cooling by focusing its own radiation is the 
lack of direct contact of the sample with the cooling me-
dium, which ensures uniform cooling around the perimeter 
and height of the sample, and increases the cooling rate due 
to the absence of film and bubble boiling. Contactless cool-
ing completely eliminates the erosion, corrosion and ad-
sorption effects of the cooling medium. 

The cold mirror walls of the optical camera provide 
minimal thermal inertia. This makes it possible to achieve 
high rates of heating and cooling. An excellent ability of 
the installation is the possibility of continuous visual in-
spection of the condition of the sample during the tests. Il-
luminated by radiant energy, the sample is convenient for 
observation through a hole in the mirror wall of the optical 
device. Photographing the sample during the tests allows 
to obtain data on the deformation of the sample, the occur-
rence of defects and cracks on the surface, their size, the 
distance between them. Photography captures the moments 
of cracks in the coating, its peeling. In the complex, such a 
survey gives an idea of the kinetics of deformation of the 
sample until its destruction. The condition for normal op-
eration of parts made of niobium alloys is to ensure a min-
imum level of plastic deformation, as well as the minimum 
rate of their accumulation. Therefore, the characteristics of 
isothermal and thermocyclic creep during stretching of 
sheet five-fold samples of niobium alloy NCU with a thick-
ness of 1...2 mm are accepted as criteria. 

As a result of tests the creep curve or the diagram of 
short-term stretching was constructed. The thermocyclic 
creep curve was constructed in the form of a circumferen-
tial maximum deformation peaks per cycle. The creep 
curves determined the relative deformation at failure (εр) 
and the time to failure of the sample (τр), as well as the 

minimum creep rate. The creep curve was also used to de-
termine deformations when defects appeared in the coating. 

The installation is equipped with a computer system 
for control and registration of parameters [43]. 

The advantages of multi-operational technology are 
shown in [47] by comparing the boundary deformations, 
creep rate and durability in the isothermal and thermocyclic 
modes of the three coating options shows the advantage of 
combined plasma-diffusion coating over silicide and boro-
silicide coatings. 

The installation is equipped with a computer system 
for control and registration of parameters [43]. 

The advantages of multi-operational technology are 
shown in [47] by comparing the boundary deformations, 
creep rate and durability in the isothermal and thermocyclic 
modes of the three coating options shows the advantage of 
combined plasma-diffusion coating over silicide and boro-
silicide coatings. 

A complex coating with a plasma sublayer of MoSi2 
with diffusion saturation of the surface layer with elements, 
the main of which are Si and B, was shown to be a multiple 
advantage. 

Diffusion saturation of all three variants was per-
formed in vacuum. To study the effect of stress level in the 
process of creep, the test was performed in the stress range 
of 40...70 MPa. This made it possible to construct long-
term strength curves, the dependence of the minimum 
creep rate on stresses, as well as creep limits and long-term 
strength limits. 

Isothermal tests were performed at a temperature of 
1400 C in air [42], thermocyclic in the mode of 
1400↔250 C at a heating time of 20 s and cooling of 60 s 
in a single cycle. 

When plasma-diffusion application on the surface of 
the niobium alloy formed a multilayer coating. The highly 
porous plasma-sprayed layer of molybdenum silicide has a 
significant variation in thickness (h = 100...350 μm,  
Hμ

20 = 6880 MPa) [47]. 
When studying the microstructure of samples with 

plasma-diffusion coating after testing, it was found that 
cracks in the coating are formed in the process of creep 
mostly at the interface between the plasma and diffusion 
layers of the coating. The center of their origin are individ-
ual imperfections in the diffusion layer in the state of de-
livery. The spread of cracks occurs in both plasma and dif-
fuse layers of the coating. Inhibition of the growth of 
cracks in the plasma layer is due to the rounded nature of 
the pores and increased plasticity of this layer. The growth 
of cracks deep into the sample is usually inhibited by the 
boride sublayer [47]. 

It is observed that the penetration of atmospheric ox-
ygen occurs through a crack that has reached the surface of 
the coating in its development, and causes a predominant 
oxidation of the diffusion silicide layer. This phenomenon 
is especially characteristic of samples with significant du-
rability. Thus, almost always this effect is manifested at 
low levels of load (Fig. 1, c) 
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In [44], the functional dependence of the adhesive 
strength, residual stresses and critical deformation of the 
substrate on the thickness of the coatings is presented, as 
well as the scatter of the thickness of the silicide coatings 
is noted. It was found that the dependence of durability on 
the thickness of coatings on niobium alloys is extreme [5]. 
Therefore, the thickness of the coatings as a necessary 
component of their performance, deserves some research 
and its optimization, it is necessary to pay more attention, 
conducting some in-depth tests. 

The study of the composition included observation 
of the surface of the samples during the tests. 

At the necessary deformations ( ≥ 6 %) a grid of 
cracks appears on the surface of the samples. Next, the 
weight of the crack begins to unfold, which indicates a uni-
form distribution of deformation along the length of the 
working part of the sample. Drops of fusible compounds 
appear on the surface of the coating. When approaching the 
third stage of creep, when the opening of the cracks be-
comes large enough, in the mouth of the cracks is well vis-
ible the beginning of the boiling of these melts. The distri-
bution of joints fills all cracks almost completely, prevent-
ing the penetration of aggressive gaseous media into the 
coating. In addition, this melt has healing properties, inhib-
iting the opening of cracks. In this case, at elevated tem-
peratures, the multifunctional capabilities of the plastic 
melt – containment, corrosion and mechanical destruction. 
Consideration of the kinetics of deformation of the studied 
composition during one heating cycle allowed us to con-
clude that this phenomenon is most pronounced in thermo-
cyclic creep [47]. 

The advantage of plasma-diffusion coating over sil-
icide, borosilicide single-stage coatings is manifested in 
the increase of durability at isothermal creep in air 
(1400 С, 50 MPa) in 1,9...3,7 times, and at thermocyclic 
creep, (1400↔250 С, 50 MPa) in 6,8...8,5 times [47]. 

A promising direction in the development of protec-
tion of niobium alloys is the creation of multilayer heat-
protective coatings with an outer ceramic layer. Sufficient 
experience has been gained in applying heat-protective 
coatings on heat-resistant nickel alloys. However, a signif-
icant limitation is the limitation of the thickness of the outer 
ceramic layer due to insufficient adhesive strength. 

A significant reserve in increasing the thickness of 
the ceramic layer with sufficient adhesive strength is the 
development and application of a discrete structure [48]. 
This reduces the stress concentration both in the area of 
adhesive contact and in the coating layer, which greatly in-
creases the durability in operating conditions. 

The main characteristic of a discrete structure is the 
distance between two adjacent cracks. Therefore, the meas-
urement of crack density in creep is used when coating a 
discrete structure. 

Minor changes in the nature of the destruction of the 
plasma-diffusion coating were detected when comparing 
the creep of the samples at different load modes. The first 

Fig.1. Probability curve distribution curves in the 
plasma-diffusion coating formed during isother-
mal creep at different load levels. T = 1400 °C 

visible cracks on the surface of the coating in the thermo-
cyclic test mode appear at the levels of relative creep de-
formations of 4...5 %, and in the isothermal mode – 5...7%. 
This difference is probably due to the change in the plas-
ticity of the coating depending on the temperature (in the 
thermocyclic mode, the average temperature is lower than 
in isothermal). However, changes in the density of the 
cracks obtained in the coating were not detected. Fig. 1 and 
Fig. 2 show the probability curve pitch curves that occur in 
the coating on the surface of the samples after, respec-
tively, isothermal and thermocyclic tests. As can be seen 
from the figures, this parameter at a level of 50 % proba-
bility ranges from 0,75 to 0,95 mm. A slight slope of the 
probability curves indicates a small scatter of the crack 
pitch values along the length of the working part of the 
samples. 

To apply a discrete coating structure, choose a grid 
pattern taking into account the crack density in a traditional 
continuous coating. The grid template is placed in the 
chamber of the vacuum-plasma installation at an adjustable 
distance from the surface of the reinforced product (Fig. 3) 
in the path of the ionized flow. 

In the study of the microstructure of samples with 
plasma-diffusion coating after testing, it was found that 
cracks in the coating arise in the process of creep mostly at 
the interface between the plasma and diffusion layers of the 
coating [47–51]. 
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Fig.2. Probability curve distribution curves in the 
plasma-diffusion coating formed during thermo-
cyclic creep at different load levels 

Fig.3. Grid pattern: 1-grid, 2-base material, 
3-coating

Inhibition of the growth of cracks in the plasma layer 
is due to the rounded nature of the pores and the increased 
plasticity of this layer. The growth of cracks deep into the 
sample is usually inhibited by the boride sublayer. 

Penetration of atmospheric oxygen occurs through a 
crack that has reached in its development of the coating 

surface, and causes the predominant oxidation of the diffu-
sion silicide layer. This phenomenon is especially charac-
teristic of samples with significant durability. Thus, almost 
always this effect is manifested at low load levels (Fig. 1, c) 
and, most often, is absent at voltages above 50 MPa [47–51]. 

The choice of coating material, method of applica-
tion and experimental means for determining the properties 
of coatings is characterized by great variety and difference. 
Numerous test methods from nano- to microindentation to 
multiparameter bench tests. There is a great variety and dif-
ference of forms and sizes of samples of modes of drawing 
and tests, methods of heating and cooling. 

Therefore, it is not possible to compare the results of 
individual studies. The results of determining the proper-
ties of coatings are incompatible due to the variety of struc-
tural schemes of coatings, the ratio of the thickness of the 
different layers, the difference in application technologies 
and methods of surface preparation. A brief review and 
analysis of the work indicates the relevance of creating pro-
tective coatings on niobium alloys. However, the growing 
number of studies and publications does not clarify the so-
lution to this difficult problem. 

Conclusions 

1. Practically all considered developments and meth-
ods provide with this or that efficiency of the decision of 
concrete problems at protection of the basic material 
against high-temperature influence. In this regard, applied 
research in this area are relevant and priority at the present 
stage. 

2. To increase the durability and thermomechanical
characteristics of niobium alloys in an oxidizing environ-
ment, the most effective is to use the technique of multi-
factorial experiment with multicriteria optimization, which 
reflects the diversity, interdependence of physicochemical 
and mechanical phenomena affecting thermoprotective 
properties. 

3. The most significant increase in thermomechani-
cal characteristics using multi-operational technologies. 
Niobium has a feature that must be taken into account when 
applying the coating - the modulus of elasticity is 3 times 
less than that of alloy steels and nickel alloys. Usually coat-
ings on niobium alloys are high-modulus layers of cermets. 
Differences in modulus of elasticity reduce the strength of 
the coating on a deformed basis. To increase the modulus 
of elasticity of the niobium alloy before applying a multi-
layer coating, it is necessary to use the operation of chem-
ical heat treatment. 

4. Multi-operational technologies allow to apply
multilayer coatings from different structural schemes - by 
choosing and optimizing the ratio of thickness, adhesive 
strength and elastic properties of individual layers, achieve 
preservation of initial strength and deformation after coat-
ing by limiting and stopping "sharp" cracks in layers. 
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5. The most reliable and comparable thermomechan-
ical characteristics of niobium alloys in an oxidizing me-
dium provide tests on standard samples for isothermal and 
thermocyclic creep. A distinctive feature of this technique 
is the heating and cooling of the sample by focusing the 
radiant energy in an optically closed cavity with a cold mir-
ror glass. Radiant heating, in contrast to the methods of 
heating by direct transmission of electric current through 
the sample and heating with high-frequency currents elim-
inates the effect of electro- and magnetoplastic effects. 

6. The trend of development of chemical-thermal
treatment processes in powder mixtures, salt and metal 
melts ends in the transition to vacuum processes. The most 
promising in terms of productivity and low energy con-
sumption is the technology of thermocyclic ionic nitriding. 
The use of cyclic heating and cooling accelerates diffusion 
due to thermal stresses. This reduces the processing time 
by 3 times and energy consumption by 10 times due to sur-
face heating only. The microhardness of the coating is 20% 
higher than with traditional isothermal HTO. The viscosity 
of the coating increases by reducing the grain size by 2 
times, the hardness gradient decreases by 3...4 times. 

7. The advantage of plasma-diffusion technology
provided increased plasticity of the coating, the presence 
of thin barrier sublayers, discontinuous structure of the 
coating, the presence of low-melting compounds that help 
heal defects in the coating, increase its corrosion resistance 
and resistance to thermal fatigue. The combination of these 
properties allowed to provide increase in durability in com-
parison with silicic and borosilicidal coverings in the con-
ditions of isothermal creep in air (1400oC, 50 MPa) 
1,9...3,7 times and in the conditions of thermocyclic creep 
(1400↔250 oC, 50 MPa) in 6,8...8,5 times. 

8. The difference in the characteristics of creep and
long-term strength of the three variants of coatings is also 
explained by the nature of the development of cracks in the 
coating. The transition from single "sharp" cracks in the 
coating to regular cracks in the diffusion sublayer with 
rounded vertices provides an increase in the strength and 
durability of niobium alloys. 

9. The use of a discrete structure, taking into account
the crack density of the traditional continuous coating with 
creep, will increase the thickness of the ceramic layer in the 
heat-protective coatings and increase their performance  
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Теплозащитные покрытия на ниобиевых сплавах  

В. П. Бабак, Б. А. Ляшенко, В. В. Щепетов, С. Д. Харченко  

Аннотация. Рассмотрены различные составы и технологии получения теплозащитных покрытий. Анализ выявил, что при 
плазменно-диффузионной нанесении на поверхности ниобиевых сплава формировалось многослойное покрытие. Высокопо-
ристый плазменно-напыленный слой силицида молибдена имеет значительный разброс по толщине (h=100...350 мкм, 
Hμ

20=6880 МПа). При исследовании микроструктуры образцов с плазменно-диффузионным покрытием после испытаний об-
наружено, что трещины в покрытии зарождаются в процессе ползучести большей частью на границе раздела плазменного 
и диффузионного слоев покрытия. Очагом их зарождения являются отдельные несплошности в диффузионном слое в состо-
янии поставки. Распространение трещин происходит как в плазменный, так и в диффузионный слои покрытия. Торможение 
роста трещин в плазменном слое происходит за счет округлого характера пор и повышенной пластичности этого слоя. 
Рост трещин вглубь образца, как правило, тормозится боридным подслоем. Преимущество плазменно-диффузионной тех-
нологии обеспечило повышенную пластичность покрытия, наличие тонких барьерных подслоев, несплошную структуру по-
крытия, наличие легкоплавких соединений, способствующих залечиванию дефектов в покрытии, повышению его коррозион-
ной стойкости и сопротивлению термоусталостному разрушению. Сочетание этих свойств позволило обеспечить повы-
шение долговечности по сравнению с силицидными и боросилицидными покрытиями в условиях изотермической ползучести 
на воздухе (1400 оС, 50 МПа) 1,9…3,7 раза и в условиях термоциклической ползучести (1400↔250 оС, 50 МПа) в 6,8…8,5 раз. 
Определено, что применение дискретной структуры позволит увеличить толщину слоя покрытий и обеспечить повышение 
их рабочих свойств. 

Ключевые слова: сплав, многокомпонентные покрытия, плазменно-диффузионные покрытия, жаропрочность, жаростой-
кость. 

Теплозахисні покриття на ніобієвих сплавах 

В. П. Бабак, Б. А. Ляшенко, В. В. Щепетов, С. Д. Харченко  

Анотація. Розглянуто різноманітні склади і технології отримання теплозахисних покриттів. Аналіз виявив, що при плазмо-
дифузійному нанесенні на поверхні ніобієвого сплаву формувалось багатошарове покриття. Високопористий плазмо-напиле-
ний шар силіциду молібдену має значний розкид по товщині (h=100...350 мкм, Hμ

20=6880 МПа). При дослідженні мікростру-
ктури зразків з плазмо-дифузійним покриттям після випробувань виявлено, що тріщини в покритті зароджуються в процесі 
повзучості здебільшого на границі розділу плазмового і дифузійного шарів покриття. Осередком їх зародження є окремі не-
суцільності в дифузійному шарі в початковому стані. Поширення тріщин відбувається як в плазмовий, так і в дифузний шари 
покриття. Гальмування зростання тріщин в плазмовому шарі відбувається за рахунок округлого характеру пор і підвищеної 
пластичності цього шару. Зростання тріщин вглиб зразка, як правило, гальмується боридним підшаром. Перевага плазмо-
дифузійної технології забезпечила підвищену пластичність покриття, наявність тонких бар'єрних підшарів, несуцільну 
структуру покриття, наявність легкоплавких з'єднань, що сприяють заліковуванню дефектів в покритті, підвищенню його 
корозійної стійкості і опору термовтомлювальному руйнуванню. Поєднання цих властивостей дозволило забезпечити під-
вищення довговічності в порівнянні з силіцидними і боросиліцидними покриттями в умовах ізотермічної повзучості на пові-
трі (1400оС, 50МПа) 1,9...3,7 рази і в умовах термоциклічної  повзучості (1400↔250оС, 50 МПа) в 6,8...8,5 раз. Визначено, що 
застосування дискретної структури дозволить збільшити товщину шару покриттів та забеспечити підвищення їх робочих 
властивостей. 

Ключові слова: сплав, багатокомпонентні покриття, плазмо-дифузійні покриття, жароміцність, жаростійкість.  
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