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Abstract: The paper presents some new technological sequences of electron beam evaporation and 
deposition of high-temperature metal-ceramic coatings.  

The main attention is given to two-layer Me-Cr-Al-Y/ZrO2-Y2O3 coatings with transition layers of the total 
thickness of up to 0.2 mm. 

Chemical composition and structures of the main layers (metal, ceramics) and substrate/metal and 

metal/ceramics transition layers, as well as the respective physico-mechanical properties are considered.  

A method of deposition of these coatings in one technological cycle of evaporation and condensation with 
application of evaporation composite ingot is proposed. 

Examples of coating “design” and respective equipment for practical application in gas turbine construction 

are given. 
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INTRODUCTION*  

Creation of high-temperature protective coatings is a cardinal 

and economically sound solution of the problem of combining 

high structural strength of materials with their ability to 

withstand chemical destruction at high temperatures. At 

present various methods of coating deposition are applied: 

electrochemical deposition from water solutions and salt 

melts, chemical deposition from the gas phase, diffusion 

saturation of the surface, flame, plasma and detonation 

spraying, and vacuum deposition methods.  

Vacuum methods of coating deposition based on physical 

processes of evaporation, atomization and condensation, 

compare favourably with other methods by their precision and 

practically unlimited capabilities of controlling coating 

structure and properties.  

The vapour phase has no limitation on mutual solubility of 

components. Simultaneous evaporation of several metals, 

alloys or refractory compounds, mixing of their vapour 

(atomic-molecular) flows and subsequent condensation, 

enable producing various combinations (compositions) of 
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metallic and nonmetallic materials, practically unachievable 

by other methods.  

Evaporation and condensation allows producing metal, 

ceramic, metal-ceramic coatings: single-phase, multiphase, 

dispersion-strengthened, microporous, microlayered with 

micro- and nanosized structure.  

Heating and high-rate evaporation of initial inorganic 

substances is performed by electron beam (accelerated flow 

of electrons) generated by electron beam gun. 

Electron beam is one of the most effective heat sources. The 

main fraction of kinetic energy of electrons at collision with a 

heated surface turns into thermal energy in a thin surface 

layer 1-2 mm thick. Therefore, at electron beam heating the 

heat source is located in the heated body proper, and 

ensures maximum complete transformation of electric energy 

into thermal energy with a high level of adjustment of heating 

and evaporation processes. 

So far, extensive technological experience has been gained 

of application of inorganic coatings produced by electron 

beam evaporation and physical deposition of the vapour 

phase in vacuum – EB-PVD method [1-5]. 

Some results of investigation and development of high-

temperature composite protective coatings are given below.  
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EVAPORATORS, MATERIALS AND TECHNOLOGICAL 
VARIANTS OF EVAPORATION 

An accelerated electron flow is generated by electron beam 

guns, which together with crucibles with evaporation 

materials, are the main elements of evaporators at deposition 

of high-temperature coatings by EB-PVD method [4-6]. 

Modern electron guns of 50 to 100 kW power enable 

evaporation of metallic and non-metallic materials at high 

enough rates, approximately up to 10
-2 

g cm
-2

s
-1

. The most 

widely used are evaporators, consisting of a copper water-

cooled cylindrical crucible, which accommodate the 

evaporation material in the form of an ingot (cast or 

compacted) 25 to 70 mm in diameter, Figure 1.  

 

Figure 1: Schematic of electron beam evaporation of an ingot from a 

cylindrical water-cooled copper crucible. 

Ingot surface, molten and overheated by electron beam, 

forms a liquid pool, the surface of which intensively 

evaporates. Inner cooling of copper crucibles by flowing 

water prevents interaction with the liquid pool, even in the 

case of evaporation of refractory metals and compounds that 

is why such evaporators are long-lasting. 

The level of liquid pool surface, from which evaporation 

proceeds, is kept constant in most of the cases, using the 

mechanism of vertical displacement of the ingot. At 

evaporation in the vacuum of 10
-4

 – 10
-6

 Torr, the spatial 

density of the vapour flow above the evaporator follows the 

cosinusoidal law of distribution, according to which the 

maximum density is observed in the direction of the normal to 

the evaporation surface (angle  = 0).  

Using 70 mm diameter ingots for evaporation, it is possible to 

achieve the following maximum evaporation rates: 3 kg/h for 

Fe, 1.5 kg/h for Ni alloys, 1.0 kg/h for graphite, 0.8 kg/h for 

ZrO2. The rate of vapour flow condensation on a flat 

stationary substrate located above the liquid pool surface at 

300 mm distance, can be up to 30 – 50 μm/min for metals 

and alloys and 15 – 20 μm/min for ceramics (oxides, 

carbides, borides).  

Similar to alloys, pure metals are evaporated as individual 

atoms. For most of the alloys, however, the composition of 

the vapour phase above the liquid alloy is not equivalent to 

the average alloy composition. Alloy fractionation occurs, 

namely condensate layers adjacent to the condensation 

surface, contain maximum amounts of volatile components. 

Condensates of multicomponent metallic materials of a 

composition homogeneous across their thickness are 

produced, using various evaporation techniques, including 

evaporation of individual alloy components from independent 

sources.  

Evaporation of compounds (oxides, carbides, borides, etc.) 

is, as a rule, accompanied by a change of the kind of the 

initial molecules. Many of the refractory compounds are 

characterized by dissociation of the initial molecules with 

formation of gaseous products. Results of analysis of thermal 

dissociation of compounds are generalized in [2,5]. 

Producing condensates by direct evaporation from one 

source without any change of the initial composition of the 

compounds, is possible only under the condition that the 

dissociation products have practically the same volatility, i.e. 

a harmonized “congruent” evaporation of the compounds is 

required. Refractory oxides (Al2O3, Y2O3, ZrO2, MgO), 

carbides (TiC, ZrC, NbC), borides (TiB2, ZrB2) can be 

evaporated from water-cooled copper crucibles, using 

electron beam heating practically without any change in the 

composition. A number of compounds, for instance WC, TiN, 

AlN, ZrN cannot be deposited by direct evaporation, as they 

decompose at heating, forming products with markedly 

different volatility. 

Such compounds can be produced in the form of 

condensates by component evaporation from two 

independent sources or using the so-called reactive 

evaporation with bleeding the appropriate gas into the 

working chamber and vapour flow ionisation [5].  

High-temperature oxidation-resistant metal coatings usually 

are based on nickel or cobalt aluminides. Basic system of 

high-temperature single-layer coatings, which became widely 

accepted, are alloys of Me-Cr-Al-Y type (where Ni, Co or their 

combinations are used as Me). Aluminium and chromium are 

elements ensuring formation of -Al2O3 based oxide layer on 

coating surface at elevated temperature, and yttrium (as well 

as Ce, La, Hf, Si) is a microalloying element, improving 

adhesion of this layer. Application of such coatings on the 

surface of gas turbine blades by electron beam evaporation 

in vacuum allows 3-5 times extension of their service life [7]. 

Further improvement of protective metal coatings was 

achieved by additional deposition of an outer ceramic layer.  

Modern protective coatings are a multilayered structure: inner 

metal oxidation-resistant layer based on Me-Cr-Al-Y alloys or 

NiAl, CoAl, PtAl intermetallics; outer low heat-conducting 

ceramic layer, as a rule, based on partially stabilized 

zirconium dioxide (YSZ) and aluminium oxide interlayer, 

connecting the outer and inner layers. It is universally 

recognized that thermal-barrier coatings, in which outer 
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ceramic layer is produced by EB-PVD method, have the 

longest operating life [3, 8-10]. 

By now technological variants of producing high-temperature 

single-layer metal (Me-Cr-Al-Y type) and ZrO2-8 wt.% Y2O3 

(8YSZ) ceramic coatings by electron beam evaporation of 

ingots of the respective chemical composition from a 

cylindrical evaporator have been optimized and are widely 

applied, Figure 1 [4,5,7,8,11-15].  

In order to increase the rate of evaporation (condensation) of 

alloys of Me-Cr-Al-Y type, as well as ensure guaranteed 

transfer of chemical elements with a low vapour pressure for 

instance yttrium, from the alloy into the condensate, a method 

of high-rate evaporation, using “hot” intermediate pool from 

refractory metals, was proposed [16]. The essence of the 

method consists in initial formation of an intermediate pool of 

about 10-15 mm depth on the surface of evaporation ingot 

from Me-Cr-Al-Y type alloy, by adding up to 80 wt.% of 

refractory metal (W, Nb or Ta). This pool composition 

remains unchanged during the entire time of ingot 

evaporation. Application of this technology allows 2-3 times 

increasing evaporation rate of Me-Cr-Al-Y type alloys, as well 

as more accurately transferring Y from evaporation ingot into 

the coating. Moreover, at evaporation with application of “hot” 

intermediate pool the number of defects (intercolumnar 

leaders and microdrops) in the structure of deposited metal 

layer is abruptly reduced.  

The traditional technological cycle of deposition of two-layer 

thermal barrier coatings consists of several stages and 

operations, including deposition of metal oxidation- and 

corrosion-resistant layer (by diffusion saturation, 

electrochemical deposition, plasma spraying or by EB-PVD 

method), subsequent intermediate variants of heat treatment, 

compacting and cleaning of this layer surface and final 

deposition of a ceramic layer [4, 5, 7-10]. Multistage nature of 

the process cycle and diverse equipment applied in this case, 

make it difficult to ensure reliable repeatability and quality, 

while simultaneously improving the coating cost.  

An EB-PVD method was proposed to produce multilayered 

high-temperature coatings of metal-ceramic type, including 

graded coatings, in one technological cycle from one 

evaporator [17] with application of a composite ceramic ingot.  

Figure 2a and 2b, respectively, show the design schematic 

and overall view of a composite ingot. Composite ingot 1, 

preferably of a cylindrical shape, consists of a ceramic base 

and individual fragments (inserts 2-6) of metallic and non-

metallic materials of the required shape and dimensions, 

selected and arranged in the ingot volume so that a graded 

multilayered coating of the specified composition and 

structure would form on the substrate at continuous 

evaporation and subsequent condensation of the vapour 

phase.  

The composite ingot incorporates the program of evaporation 

and deposition of a graded multilayered coating, embodied in 

the shape, dimensions and quantity of the respective inserts 

(fragments), their composition and spatial arrangement in the 

bulk of the basic ingot. 

Technique of composite ingot evaporation is traditional: the 

ingot is placed into copper water-cooled crucible and its 

upper edge is heated smoothly and gradually melted, and 

then evaporation is begun (up to its complete evaporation). 

Surface of ingot liquid pool is kept on a constant level due to 

vertical feeding of the ingot on a rod. 

Ingot ceramic base predetermines the graded coating 

purpose. For instance, for thermal barrier coatings this is 

ZrO2 with additives of stabilizers and other oxide systems of 

low heat conductivity. For heat- and erosion-resistant 

coatings the ceramic base of the ingot from Al2O3, and for 

wear-resistant coatings – from Al2O3, TiC or TiB2, are 

required. 

Inserts 2 and 3 located in the upper part of the composite 

ingot, have the shape of tablets or rods, and being the first to 

evaporate, are designed to produce transition layers of the 

required composition and structure on the substrate. They 

can be manufactured from organic compounds, metals, alloys 

or ceramics with melting temperature lower and vapour 

pressure higher than those of ingot base, for instance, 

     

Figure 2: Schematic of composite ingot design (a) and overall view (b). 
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anthracene C14H10, Al, Cr, NiAl, (NiCr)Al, Pt, PtAl, (NiPt)Al, 

etc.  

Inserts 4 and 6 located in the medium and lower parts of the 

composite ingot, are manufactured, predominantly from 

ceramics or ceramic mixtures with melting temperature and 

vapour pressure close to those of ingot base, for instance, 

Al2O3, CeO2, HfO2, etc. Evaporating and condensing 

simultaneously with ingot base ceramics, they form the 

composition, structure and properties of the ceramic layer (or 

layers) of the graded coating, primarily, microporous 

structure.  

Formation of graded coating upper layer of complex 

multiphase ceramics is achieved by placing in the ingot lower 

part contacting the cooled surface of the rod, an insert-tablet 

5 from non-metallic materials with a wide range of melting 

temperature and vapour pressure. The tablet is the last to 

evaporate and completes graded coating formation, and its 

composition and condensation conditions determine the 

density and hardness of the coating upper layer.  

Technique of evaporation of composite ceramic ingot 

practically does not differ from evaporation of traditional 

ingots: initially smooth heating of the upper edge of the ingot 

with gradual transition to its evaporation, which is continued 

up to complete evaporation of the ingot. Liquid pool surface is 

maintained on a constant level by vertical feed of the ingot, 

using a water-cooled shaft.  

STRUCTURE OF HIGH-TEMPERATURE COATINGS AND 
METHODS TO CONTROL IT 

Investigations of the structure and properties of coatings were 

made on samples, produced by evaporation of initial 

materials in the form of metal and ceramic ingots of 68.5 mm 

diameter in electron beam units of UE-204 and UE-207 type 

[18], using direct electron beam heating of samples [3, 19]. 

Flat samples from low-carbon steel 4 mm thick (at deposition 

on a stationary substrate), as well as button-samples of 25.4 

mm diameter and 4 mm thickness, made from various nickel-

base superalloys (at deposition on a rotating substrate) were 

used. Button-samples were placed into a hexagonal fixture, 

fastened on the horizontal shaft, rotating at the speed of 25 

rpm, and coating was deposited on one side of the sample, 

Figure 3. Beam current at evaporation of alloys of MeCrAlY 

type was equal to 1.7-1.8 A (vacuum of about 1x10
-4

 Torr), 

beam current at evaporation of 8YSZ ingots was equal to 1.3-

1.4 A (vacuum of about 3 10
-4

 Torr
-4

), accelerating voltage is 

20 kV. Distance from the evaporation ingot surface to the 

samples was equal to 300 mm, with samples positioned 

above the ingot being evaporated. 

Deposition of outer 8YSZ ceramic layer about 170 μm thick to 

study its thermal conductivity, was performed on button-

samples of 12.7 mm diameter (FeCrAlY alloy 0.48 mm thick 

and 1.02 mm thick sapphire were used as sample material), 

also fastened in the rotating fixture, Figure 3. Investigations of 

ceramic layer heat conductivity were conducted by laser 

flash-procedure and in the equipment, described in work [20]. 

Microstructure of the produced coatings, as well as thickness 

of individual layers, was studied in PolivarMet optical 

microscope and CamScan 4D scanning electron microscope. 

Deposited layer composition was determined with EDX 

attachment INCA-200 to scanning electron microscope. 

Microhardness of outer ceramic layer was measured in 

Micro-Duromat 4000E attachment by standard diamond 

Vickers indenter at 0.49 N (50 g) load with fixed loading rate 

and time of soaking under load.  

     

Figure 3: Schematic (a) and overal view (b) of flat button samples arrangement in the fixture at coating deposition on a rotating substrate. 
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Investigations of furnace cyclic life of thermal barrier coatings 

deposited on samples from various superalloys of 25.4 mm 

diameter and 4 mm thickness, were conducted in Automatic 

Rapid Temperature Furnace CM (USA) by testing in the 

following mode: heating up to 1150
0
 C (or 1093

0
 C) for 7 min, 

sample soaking in the furnace at this temperature for 45 min, 

sample cooling down to temperature of 40
0
 C was performed 

by blowing of their surface by an air flow using a fan during 8 

min. Testing was stopped after coating failure, which was 

taken to be 8YSZ layer spallation from 20% of sample 

surface area. 

Substrate temperature, Ts, is known to be the main 

parameter controlling the condensed layer structure, i.e. 

temperature of the surface, on which the vapour atomic-

molecular flow of evaporation material is deposited. Atoms 

(molecules) of the vapour flow having a certain kinetic 

energy, during interaction (collision) with the condensation 

surface, go into adsorbed state and exchange energy with 

surface atoms, jumping over this surface. Condensation 

surface temperature predetermines the level of thermal 

activation of an adsorbed atom, number of jumps, probability 

of collision and interaction with other adsorbed atoms and 

formation of the respective atomic configuration.  

It is found that at direct electron beam evaporation of pure 

metals and refractory compounds of the type of oxides, 

carbides, borides and subsequent deposition of the vapour 

flow on the substrate heated with a gradient, three 

characteristic structural zones form, depending on substrate 

temperature [21, 22]. Figure 4 gives the schematic of the 

structural zones, depending on the homological temperature 

Ts/Tm (Tm in the melting temperature in K). 

 

Figure 4: Schematic of condensate structure depending on substrate 

temperature Ts. 

For instance, for pure nickel condensates the average values 

of boundary temperatures are equal to T1 = 270°C; T2 = 

450°C. 

Evaluation of activation energy of thermally activated 

processes in the above zones enabled suggesting the main 

mechanisms controlling structure formation in each of them. 

A limited transition (jump) of the atoms from one 

neighbouring equilibrium position to another on the 

condensation surface in the first zone; surface diffusion in the 

second zone and bulk diffusion in the third zone [21]. 

Accordingly, in the low-temperature zone (Ts < T1) the 

condensates have an porous structure with tapered 

crystallites with rough surfaces are formed owing to low 

adatom mobility (slow surface diffusion). In the second zone 

(T1 – T2) the condensates are characterized by a columnar 

structure with a predominantly crystallographic orientation. 

Width of the columnar crystallites increases with temperature 

in T1 – T2 range from fractions of a micrometer up to several 

micrometers.  

Figure 5 shows the dependence of the change of structure 

and microhardness of 8YSZ condensate 70 μm thick on 

substrate temperature Ts. The condensate was produced at 

deposition at 4 μm/min rate on a flat stationary substrate from 

low-carbon steel.  

At 8YSZ deposition on a stationary substrate in the 

temperature range of 270 – 540
0
C the condensed layer has a 

porous highly defective structure with relatively low 

microhardness. At further increase of condensation 

temperature (i.e. in the 2
nd

 structural zone above T1 

temperature) the deposited layer has a clearly pronounced 

columnar microstructure, its microhardness increasing with 

temperature due to formation of a denser structure 

(intercrystalline porosity decreases). Starting with substrate 

temperature of 940
0
C and higher microhardness increase is 

slowed down, and a practically pore-free structure of the 

ceramic layer forms. 

Angle of incidence of the vapour flow (flying atom) on the 

condensation surface is another process parameter, 

determining condensate structure, particularly in columnar 

crystallite zone.  

Therefore, the main investigations were performed at coating 

deposition on rotating substrates, i.e. on button-samples of 

25.4 mm diameter and 4 mm thickness, made from various 

nickel-base superalloys and fastened in a rotating fixture 

during coating deposition on them, in keeping with the 

schematic in Figure 3.  

Figure 6 gives examples of microstructure of condensed 

8YSZ layer produced at its deposition at different temperature 

on the surface of samples from nickel superalloy with earlier 

deposited NiCoCrAlY layer 90-100 μm thick, samples rotating 

in the vapour flow of evaporation material at the speed of 25 

rpms.  

In addition to influence of temperature (i.e. diffusion mobility 

of atoms on condensation surface) the effect of shadowing at 

substrate rotation (change of the angle of vapour flow 

incidence) also influences the forming structure of the 

condensed 8YSZ layer. As a result, at substrate temperature 

of 600
0
C a highly porous ceramic layer with a columnar 

microstructure forms, intercrystalline porosity being a special 

feature of this layer, as each individual columnar crystallite 

has inner dendritic structure, Figure 6a.  
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With substrate temperature rise, intercrystalline porosity 

decreases, growing individual columnar crystallites become 

denser, and their dendritic structure degenerates, Figure 6c. 

Width of an isolated columnar crystallite, oriented normal to 

condensation surface, becomes greater with increase of 

condensation temperature and is equal to about 2 μm at 

600º, and about 5-6 μm at 850º and 1000º C. Width of 

intercrystalline pores in 8YSZ layer also increases from 1 μm 

to 3-4 μm at increase of condensation temperature from 600º 

up to 1000º C. A characteristic feature of 8YSZ crystallites 

deposited at 600º C is developed intercrystalline porosity, 

which degenerates with increase of condensation 

temperature into isolated pores, oriented along the 

condensation axis.  

One of the main characteristics of outer ceramic layer of 

thermal-barrier coatings is its thermal conductivity that is 

largely determined by the level of porosity, both 

intercrystalline and intracrystalline [7-9]. Figure 7 gives the 

results of investigation of thermal conductivity of a ceramic 

layer about 170 μm thick deposited at different substrate 

temperature.  

Data given in Figure 7 on influence of substrate temperature 

on thermal conductivity of the condensed 8YSZ layer (lines 1, 

2 and 4) are indicative of the fact that at condensation 

temperature of 850
0
C the level of thermal conductivity in the 

entire range of measurement temperature was equal to 1.3 – 

1.4 W/m K. It can be noted that the obtained values of 

thermal conductivity are somewhat lower than thermal 

conductivity data available in literature for 8YSZ layer 

 

 

Figure 5: Change of microhardness and microstructure of condensed ZrO2-8wt.%Y2O3 layer, depending on substrate temperature. 

 

Figure 6: As-deposited cross-sectional structure of 8YSZ ceramic layer. Condensation temperature Tc=600 º
 
(a), 850º (b) and 1000 ºC (c). 
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[8,13,20,23], which were obtained at substrate temperature of 

900 – 1000
0
C. The main factor influencing thermal 

conductivity of 8YSZ layer, is its porosity, and in our opinion 

intercrystalline porosity plays the determinant role here. This 

is confirmed by the fact that the layer deposited at 600
0
C (line 

4), has the lowest heat conductivity. It is obvious that the 

characteristic intercrystalline (interdendritic) porosity makes 

the determinant contribution to its relatively low heat 

conductivity (0.9 W/m K).  

 

Figure 7: Dependence of thermal conductivity of outer ceramic layer 

on its composition and deposition conditions: 

1 - 8YSZ on FeCrAlY substrate, deposition temperature 850 º C; 

2 – 8YSZ on sapphire substrate, deposition temperature 850 º C; 

3 – 8YSZ+Gd2O3 on FeCrAlY substrate, deposition temperature 850 

ºC; 

4 – 8YSZ on sapphire substrate, deposition temperature 600 º C. 

Structure of outer ceramic layer formed at condensation from 

the vapour phase, in addition to substrate temperature, is 

largely determined also by such process parameters, as 

angle of incidence of the vapour flow, pressure in the working 

chamber, coating deposition rate [13, 24-26]. It is shown that 

with increase of angle of incidence of vapour flow on 

condensation surface, microhardness and brittle fracture 

resistance of a ceramic coating decrease, and porosity is 

increased.  

Known are technological sequences of application of the 

change of angle of incidence of 8YSZ vapour flow deposited 

on the substrate (due to application of special fixtures to 

change the orientation and movement of the substrate in the 

vapour flow), or use of alternate deposition from 2 

evaporators [27,28] to form the so-called zigzag 

microstructure of the ceramic layer, having a lower heat 

conductivity [29].  

Note also the possibility of introducing additional components 

into evaporation material vapour flow, changing both the 

condensed layer structure and its composition. Special 

attention should be given to additives to the vapor phase at 

evaporation of ZrO2 and other oxides to obtain a microporous 

thermally-stable structure of ceramic layer with a low thermal 

conductivity [30]. One should separately note oxides-

stabilizers (primarily, rare-earth oxides), which are added to 

zirconium dioxide to lower its heat conductivity [8, 31].  

All the additives, by the degree of their chemical interaction 

with vapour and solid phase of the main component at the 

stage of condensate formation and subsequent heat 

treatment operations, can be divided into three groups, with a 

certain degree of conditionality. 

1. Inert additives, practically not interacting with the main 

component and staying in the condensate volume in 

the form of second phase particle. 

2. Inert additives, practically not interacting with the main 

component and removed from the condensate at the 

stage of its formation and/or subsequent heat 

treatment operations.  

3. Active additives interacting with the main component 

through simple or complex multistep reactions, in 

particular those accompanied by formation and 

removal of gaseous products for the reaction zone.  

Aluminium oxide is an example of additives of the first group, 

and sodium chloride – an example of the second group 

additives for condensates based on zirconium and aluminium 

oxides [30].  

Reactive gas, for instance, oxygen, can be used as an 

additive from the third group, which is added to the vapour 

flow of evaporated 8YSZ to restore condensed layer [8,27]. 

For condensates based on zirconium dioxide, simple 

additives of the third group can also be many substances, the 

choice of which is determined by binary constitutional 

diagrams, for instance. For instance, addition of metallic 

zirconium (by simultaneous joint evaporation of 8YSZ ingot 

and zirconium ingot from two adjacent evaporators) to the 

vapour phase allows changing the phase composition and 

relief of condensation surface, as well as phase composition, 

structure and properties of individual crystallites of zirconium 

dioxide. Microstructures given in Figures 8 and 9 show the 

nature of variation of columnar crystallite structure in ZrO2-

15wt.%Y2O3(15YSZ) layer deposited on a substrate heated 

up to 1000
0
 C, at simultaneous evaporation of 15YSZ and Zr 

ingots. Further addition of 7-8wt.% of metallic zirconium to 

the vapour flow leads to transition from purely columnar 

microstructure of condensed layer to dendritic-columnar one. 

Crystallites of a pronounced dendritic form and two kinds of 

microporosity are formed, namely fine between the dendrite 

branches and more coarse in the interdendritic spaces. 

At subsequent heat treatment in air free zirconium turns into 

zirconium dioxide as a result of oxidation. Such a 

microstructure is more stable to sintering at a high 

temperature. Figures 9a and 9b show the microstructure of 

the former coatings after static oxidation in air at 1200
0
C for 
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10 h. Columnar structures with gaps (micropores) 0.8 - 1.0 

μm wide between the crystallites remained practically 

unchanged, compared to structures in Figure 8a. Dendritic 

structure (Figure 8b) was changed after annealing. Partial 

sintering of inner volumes of the dendrites occurred with 

formation of spherical micropores, accompanied by a certain 

shrinkage (reduction of average width) of the crystallites. This 

resulted in a slightly greater average width of interdendritic 

spaces with simultaneous smoothing of the initial toothed 

relief of the side surface of the crystallites. Intensive sintering 

proceeded in the sections, where initial contacts occurred 

between the crystallites or in the interbranch spaces of 

individual dendrites. 

EXAMPLES OF HIGH-TEMPERATURE COATINGS AND 
THEIR PROPERTIES  

Use of composite ceramic ingot for deposition of multilayered 

thermal-barrier coatings of Me-Cr-Al-Y/YSZ type not only 

allows deposition of the entire coating in one process cycle, 

but also enables adding transition zones to coating structure, 

slowing down the diffusion processes and improving coating 

performance. Composition and thickness of coating metal 

layer (NiAl or NiCoCrAlY), including transition zones, is 

determined proceeding from the composition of superalloy of 

the blade, as well as specific service conditions and design of 

gas-turbine engines (GTE) blade. For instance, air-cooled 

GTE blades from modern thermally-stable superalloys of the 

last generations, as a rule, have small wall thickness of the 

airfoil and inner cavity (about 0.5 mm) and small diameter 

cooling holes. For maximum lowering of weight and, 

accordingly, load on such blades and minimum narrowing of 

perforation holes, the coatings applied for their protection 

should have minimum thickness. In such cases, it is rational 

to use a coating variant with oxidation-resistant metal layer 

based on nickel aluminide, the thickness of which is not 

higher than 25-45 μm, while in traditional thermal-barrier 

coatings the thickness of oxidation-resistant metal layer is 2-3 

times higher.  

For protection of less thermally-stable superalloys thermal-

barrier coatings having a metal layer of increased thickness 

are used, in order to limit the diffusion flows in 

coating/superalloy composition. Such superalloys, as a rule, 

contain a higher level of titanium, tantalum, hafnium, sulphur 

and carbon. 

 

Figure 8: Microstructure of as-deposited ceramic layer of 15YSZ (a) and 15YSZ+(7-8) wt.%Zr (b). 

 

 

Figure 9: Microstructure of ceramic layer of 15YSZ (a) and 15YSZ+(7-8)wt.%Zr (b) after annealing in air at 1200 º C for 10 h. 
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Specific variants of proposed coatings are given below.  

Studied graded multilayer coatings were deposited on 

superalloy samples which were positioned in the fixture 

above composite ceramic ingot of 68.5 mm diameter placed 

in a copper water-cooled crucible. Samples were heated by 

electron beam up to the temperature of 950
0
 C in vacuum, 

which was followed by electron beam heating of the surface 

of composite ceramic ingot with subsequent evaporation of 

inserts-fragments on its surface, and then of the entire ingot. 

After deposition on superalloys all the coatings are subjected 

to vacuum heat treatment at the temperature of 1080 – 1100º 

C to form a thin film based on -Al2O3 on the metal/ceramic 

contact boundary, so-called TGO (thermally grown oxide).  

As is known one of the main causes for fracture of thermal-

barrier coatings in blade service, is subsequent growth of 

Al2O3-based film on the metal layer surface, which after 

achievement of a certain critical thickness, delaminates 

because of arising stresses, together with ceramic layer [32]. 

This is also promoted by diffusion of some refractory metals 

from superalloy towards the metal layer/ceramic layer 

interface. Therefore, one of the main goals in development of 

the first group of coatings, having a smaller thickness of NiAl 

layer, is slowing down of Al2O3 film growth and diffusion 

processes in superalloy/metal layer system.  

Figure 10 gives the structure and composition of a composite 

ingot, used for deposition of a thermal-barrier graded 

MxCy+NiAl/8YSZ coating (a), distribution of chemical 

elements (b) and microstructure (c) of this coating in the initial 

state (after deposition and heat treatment in vacuum). 

Coating was produced by evaporation of a composite 8YSZ 

ceramic ingot, having on its surface inserts of pre-sintered 

NiAl and anthracene C14H10 in the form of tablets (Figure 

10a), with subsequent deposition directly on the surface of 

superalloy heated up to 950 º C. A distinctive feature of this 

graded coating, consisting of NiAl metal layer 20 – 25 μm 

thick and outer ceramic layer 150 μm thick, is presence of a 

thin transition zone, enriched in carbides of alloying elements 

of superalloy MxCy (primarily tungsten and chromium 

carbides), which forms on the interface of superalloy – metal 

layer and creates a diffusion barrier, slowing down 

penetration of superalloy elements to ceramic layer.  

Formation of this transition zone enriched in carbides, occurs 

due to initial evaporation of an insert of anthracene C14H10, 

embedded into ceramic ingot structure. Here also cleaning of 

superalloy surface takes place due to reducing action of 

hydrogen atoms, formed at hydrocarbon decomposition. As a 

result, a thermal barrier coating consisting of a graded metal 

layer and outer ceramic layer forms on superalloy surface in 

one vacuum cycle of deposition. At subsequent vacuum heat 

treatment -Al2O3 oxide film (TGO) forms on the surface of 

NiAl layer, containing up to 30% aluminium.  

Figure 11a,b gives element distribution and microstructure of 

MxCy+NiAl/8YSZ coating after 680 thermal cycles of testing in 

the mode of 50ºC 1093ºC with soaking for 45 min at 

maximum temperature. Thickness of Al2O3 scale layer on 

NiAl/8YSZ boundary is not higher than 8 μm, carbide-

enriched layer effectively slowed down diffusion of W, Re 

and, to a smaller degree, Ti from the superalloy. There is no 

diffusion of these refractory elements from the superalloy into 

the 8YSZ layer. 

The second group of thermal-barrier graded coatings 

includes graded coatings, deposited on the surface of 

traditional oxidation-resistant NiCoCrAlY metal layer (SDP-1 

type). In this variant of graded coatings, the following steps 

are successively performed in the vacuum chamber of EB-

PVD unit in one technological cycle: a oxidation-resistant 

NiCoCrAlY layer is deposited (by evaporation of metal ingot 

of the required composition from a separate evaporator) and 

the fixture with the parts is immediately moved so that they 

are located above the next evaporator with the composite 

ingot, and after that its evaporation and deposition of a 

graded thermal barrier coating begin. As was already noted, 

application of a thicker NiCoCrAlY layer is preferable in the 

case of insufficiently thermally-stable superalloys. 

 

Figure 10: Structure of a composite ingot (a), chemical element 

distribution through coating thickness (b) and cross-sectional 

microstructure (c) of thermal-barrier graded MxCy+NiAl/8YSZ coating 

on Rene-142 substrate in the initial condition. 
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One of the variants of graded coating deposited on 

NiCoCrAlY layer is a coating containing Al+Cr transition 

zone. Structure and composition of composite ingot (a), used 

for deposition of thermal-barrier graded NiCoCrAlY/ 

Al+Cr/8YSZ coating, distribution of chemical elements in this 

coating (b) and its microstructure (c) are given in Figure 12. 

Aluminium contained in the tablet (Figure 12a), has the 

highest vapour pressure at evaporation temperature, 

compared to Cr and 8YSZ, so that it is the first to evaporate. 

Aluminium atoms collide with NiCoCrAlY surface heated to a 

temperature much higher than aluminium melting 

temperature (660ºC) and their condensation by vapour-liquid-

solid phase mechanism takes place. Condensing liquid phase 

actively interacts with NiCoCrAlY layer surface, changing its 

chemistry, and forming a layer with a high content of 

aluminium close in its composition to NiAl. Then chromium is 

deposited from the tablet, forming on aluminide surface a 

thin, about 2 - 3 μm film, transition zone with up to 40% 

chromium content, which directly contacts zirconium dioxide 

layer deposited after that, Figure 12b. Chromium and 

chromium oxide contained in the transition zone, favour 

formation of predominantly -Al2O3, creating an effective 

diffusion barrier and slowing down, first of all, growth of 

aluminium oxide layer, Figures 12b and 13a. Results given in 

Figure 13 of investigation of the composition of graded 

thermal barrier NiCoCrAlY/Al+Cr/8YSZ coating on a sample 

of superalloy CM-186 after thermal cycling tests show that 

the transition zone containing an increased content of 

aluminium and chromium on the contact boundary with 8YSZ 

layer, is an effective diffusion barrier, slowing down both the 

growth of TGO, the thickness of which reaches 12 μm, and 

penetration of refractory elements (in particular, tungsten) 

from the superalloy into 8YSZ ceramic layer. Tungsten 

content in NiCoCrAlY layer reaches 4%, however, no 

diffusion of it into 8YSZ layer takes place. 

 

Figure 12: Structure of a composite ingot (a), chemical element 

distribution through coating thickness (b) and cross-sectional 

microstructure (c) of thermal-barrier graded NiCoCrAlY/Al+Cr/8YSZ 

coating on Rene-5 substrate in the initial condition. 

Coatings with NiCrCoAlY metal layer are effective for 

protection of high-temperature alloys of Rene 142, CM186LC, 

PWA 1480 type.  

One of the examples of the possibility of creating graded 

structures of outer ceramic layer is the variant of composite 

ingot shown in Figure 14. In addition to earlier described 

inserts of anthracene C14H10 and NiAl placed on 8YSZ ingot 

surface, inserts from gadolinium oxide are placed in the ingot 

bottom part, Figure 14a. With the start of heating of such a 

composite ingot surface, successive evaporation of 

anthracene and nickel aluminide takes place, and then 

 

Figure 11: Chemical element distribution through coating thickness 

(a) and cross-sectional microstructure (b) of thermal-barrier graded 

MxCy+NiAl/8YSZ coating on CMSX-4 substrate after 680 thermal 

cycles. 
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ceramic ingot evaporation starts. It evaporates completely, 

and at the final stage of evaporation the vapour flow also 

begins to be enriched in evaporating gadolinium oxide, the 

content of which in the coating surface zone increases with a 

gradient, Figures 14b and 14c, reaching 25-30% content. 

Graded layer thickness and gadolinium oxide concentration in 

it can be readily controlled by changing the mass and length 

of gadolinium oxide inserts.  

 

Figure 13: Chemical element distribution through coating thickness 

(a) and cross-sectional microstructure (b) of thermal-barrier graded 

NiCoCrAlY/Al+Cr/8YSZ coating on CM-186 substrate after 1000 

thermal cycles. 

In addition to lowering thermal conductivity to the level of 1.1 

W/m·K, Figure 7, curve 3, addition of gadolinium oxide 

ensures an increase of resistance to corrosion destruction by 

surface atmospheric salt precipitates, being in the liquid state 

at increased temperature, known as CMAS impact [33].  

Results given in Figure 15 of studying the thermal cyclic life 

of various variants of coatings on different superalloys in 

furnace testing in air show that as regards cyclic life-time, 

graded thermal barrier coatings deposited by single-step 

technology by evaporation of the composite ceramic ingot 

exceed 1.7 – 1.8 times the two-layer NiCoCrAlY/8YSZ 

coatings produced by the traditional multistage technology. 

This is attributable to their higher thermal stability and 

oxidation resistance, owing to formation of graded transition 

zones on the interface of metal layer/superalloy and on 

metal/ceramic interface, which delay the diffusion processes 
on these interfaces. This is further confirmed by the results 

given in Table 1 which demonstrate slowing down of growth 

 

Figure 14: Structure of a composite ceramic ingot (a), distribution of 

chemical elements across coating thickness (b), and microstructure 

(c) of graded MxCy+ NiAl/8YSZ+(8YSZ+Gd2O3) TBC after vacuum 

heat treatment at 1100°C for 1 h. 

 

 

Figure 15: Thermal cyclic life-time of samples with thermal-barrier 

coatings at furnace testing in air (50 1150 º C), depending on 

oxidation-resistant metal layer type. 

1 – traditional thermal-barrier NiCoCrAlY/8YSZ coatings on samples 

of superalloys Rene N5, Rene 142, CMSX-4; 

2 – graded thermal-barrier MxCy/NiAl/8YSZ coatings on samples of 

superalloys Rene N5, Rene 142, CMSX-4; 

3 – graded thermal-barrier NiCoCrAlY(Al+Cr)/8YSZ coatings on 

samples of superalloys Rene N5, Rene 142, CM186LC. 
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kinetics of Al2O3 based film, which grows during thermal 

cycling tests on the interface between the metal layer and 

8YSZ layer. 

EXAMPLES OF EQUIPMENT 

In the USSR development of EB-PVD technologies and 

equipment for deposition of high-temperature coatings was 

concentrated at the E.O.Paton Electric Welding Institute 

(Kiev, Ukraine). In 1980-1991 fifteen specialized industrial 

units of UE-175, and UE-187 type for coating deposition on 

gas turbine blades operated at the enterprises of USSR 

(aviation and shipbuilding industries, Gasprom) [18]. These, 

as well as new generation units of UE-204, UE-207, UE-208 

type, have 4 to 6 flat-beam guns [6] of 60 kW power each 

with 18 – 20 kV accelerating voltage for evaporation and 

direct heating of parts (blades) and one high-voltage power 

source for all the guns.  

Selection of a relatively low level of accelerating voltage (20 

kV) was dictated by the need to: 

- provide the possibility of evaporation of compounds, 

primarily oxides, at the specified rate at minimum 

degree of their dissociation (decomposition) under the 

impact of electron flow; 

- application of “soft” direct electron beam heating of the 

substrate, preventing the possibility of damage 

(surface melting) of substrate surface microvolumes; 

- lowering of the weight and cost of electron beam 

equipment due to reducing the thickness of vacuum 

chamber walls, required for “biological “ protection of 

X-ray radiation. 

Development of electron beam units in Europe and USA 

followed the path of construction of large-sized highly 

specialized high-efficient installations for coating deposition 

mainly on gas turbine blades [34,35]. Special features of 

these installations are application of axial electron beam guns 

of up to 100 – 250 kW power with up to 40 kV accelerating 

voltage, as well as predominant application of radiation 

heating of parts.  

International Center for Electron Beam Technologies (IC 

EBT) of the E.O.Paton Electric Welding Institute, which 

began its activities in 1994, developed and is currently 

producing three types of new units of the second generation, 

Figure 16:  

- laboratory units UE-205, UE-209, UE-210; 

- pilot-production units UE-204; 

- production units UE-207X, UE-207S. 

All the units differ by the number and power of evaporators, 

dimensions of working and loading chambers, gun chambers, 

etc., but enable performance of all the known technological 

variants of electron beam evaporation and subsequent 

deposition of vapour phase on a substrate of specified 

configuration, in particular of high-temperature coatings. 

Table 1: Results of measurement of thickness of Al2O3-based film, forming in metal layer / ceramic layer transition zone at thermal 
cycling tests in the mode of 50 1150 º C on samples of superalloy of Rene 142 type  

Thickness of Al2O3-based film, μm, depending on the number of thermal cycles Thermal barrier coating  

60 cycles 250 cycles 500 cycles 600 cycles 

Traditional  

NiCoCrAlY/8YSZ  

 

5 

 

10 

 

- 

 

- 

Graded  

MxCy+NiAl/8YSZ 

 

2 

 

6 

 

7 

 

8 

Graded  

NiCoCrAlY/Al+Cr/8YSZ 

 

4 

 

7 

 

10 

 

- 

 

Figure 16: Electron beam units of laboratory type UE-209 (a) and pilot-production type UE-204 (b). 
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Figure 17 shows an example of technological sequence of 

protective coating deposition on gas turbine blades in the unit 

of UE-207S type. 

One of the features of electron beam units of UE-type is also 

the possibility of mounting carousel-type multicrucible 

evaporators for evaporation of composite ceramic ingots at 

single-stage process of graded coating deposition.  

Figure 18 shows the general view of an evaporator block 

consisting of traditional evaporator, and 5-position carousel-

type evaporator. Such an evaporator block is designed, 

primarily, for deposition of graded thermal-barrier coatings by 

single-stage technology by evaporation of composite ceramic 

ingots from carousel-type multicrucible evaporator. In the 

case of the need to deposit oxidation-resistant metal layer of 

MCrAlY type a metal ingot of the respective chemical 

composition is used, placed into the traditional evaporator. 

Deposition of transition zones and outer ceramic layer of 

thermal-barrier coating is performed by heating and 

subsequent complete evaporation of one composite ceramic 

ingot. Carousel rotation by a fixed angle ensures 

displacement of the next composite ceramic ingot for coating 

the next batch of parts (blades).  

Appearance of various-purpose blades of gas-turbine 

engines, with high-temperature coatings deposited on them 

by EB-PVD method, is shown in Figure 19.  

 

Figure 17: Technological sequence of electron beam deposition of coatings on gas turbine blades.  

1 – main chamber; 2 – loading chamber; 3 – horizontal shaft; 4 – vacuum gate valve; 5 – electron beam for heating and evaporation; 6 – blades; 

7 – evaporation ingots. 

 

Figure 18: General top view of an evaporators block with carousel type-evaporator: 

1 – traditional water-cooled crucible of 70 mm diameter; 

2 – carousel-type evaporator with 5 positions of 70 mm diameter for composite ingots; 

3 – composite ceramic ingot; 

4 – positions for composite ceramic ingots. 
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CONCLUSIONS 

1. EB-PVD method allows “designing” high-temperature 

multilayered protective coatings of metal/ceramic type. 

2. Me-Cr-Al-Y/YSZ bilayer coatings deposited 

successively from two independent sources on the 

surface of various-purpose gas turbine blades have 

already become widely applied in practice. 

3. Special attention should be given to technological 

variant of single-stage process of multilayered coating 

deposition by evaporation of a composite ingot from 

one source. 
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