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Abstract 

The paper presents the results obtained in developing the method for introduction of the 
required changes into states and properties of outer surface on fuel rod cladding made of 
zirconium alloys E110 and E635 through irradiation by radial Ar+ ion beam with a broad energy 
spectrum. In particular, the paper demonstrates that ion beam treatment of the claddings surface, 
at the final stage of their fabrication, can upgrade substantially quality of outer tubular surface 
after mechanical polishing (the cleaner surface, the lower roughness, removal of technological 
transversal scratches). In addition, the ion beam irradiation results in higher micro-hardness of 
the modified layer and in better tribological parameters. 

Kinetic effects in growth of oxide films were studied for the tubular samples of zirconium 
alloys after ion-beam treatment (cleaning and polishing by radial Ar+ ion beam). Also, corrosion 
tests of the tubular samples were carried out in water (at 350оС) and steam (at 350, 375 и 400оС) 
with duration up to 3000 hours.  

It was revealed that oxide layer consisting mainly of zirconium dioxide in monoclinic 
modification was formed on tubular surface after oxidation at 3500С in water or steam. The 
oxidizing process in the pressurized steam created thicker oxide layer on tubular surface than 
that in the pressurized water.  

Experimental data were used to determine optimal conditions for ion-beam treatment of 
outer fuel tube surface. The tubular samples with the following geometrical parameters were 
investigated: length – up to 500 mm, diameter – 9,15 mm. Optimal regimes for ion-beam 
cleaning and polishing of the tubular samples were studied up to the process rate of 1 meter per 
minute. 

Within the frames of linear approximation, analytical relationships were derived for time-
dependent growth of oxide films and used to evaluate thickness of oxide film under test 
conditions (duration – up to 10000 hours). Thickness of oxide films can cover the range from 6 
µm to 20 µm. 
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Introduction 
Basic operation characteristics of structural materials, including resistance to the effects 

related with corrosion, erosion, destruction, friction, wear and cracking, are defined by the state 
of superficial layers (hereinafter, the surface) of details [1-8]. As is known, complete destruction 
often begins from the surface, and this fact is caused by two, at least, factors [3-8]. On the one 
hand, the surface is usually the mostly stressed part in comparison with other parts of details. On 
the other hand, the presence of superficial defects (scratches, sores, for instance) promotes and 
facilitates initiation of cracks on the surface because these defects are, in essence, the micro-
cracks. 

As applied to fuel rods, structural-phase state (SPS) of the surface defines their resistance 
to the negative effects of corrosion, erosion, friction, wear, cracking and destruction. Taking real 
operation conditions of fuel rods into consideration, it seems reasonable to arrange different SPS 
in superficial layer of fuel cladding and in volume of the cladding tube. By the way, the materials 
with space-dependent SPS re often called as the “gradient” materials. 

The present studies were devoted to developing the ion-beam technology for processing 
of the cladding tubes made of zirconium alloys, including ion-beam cleaning and polishing of the 
surface. Such treatment can corrosion resistance of fuel rods in VVER-type reactors with higher 
fuel burn-up (about 70 MWd/kg U), longer fuel lifetime (up to 5-7 years) and higher power 
level.  
Methodological part 

Methodology for preparation of the samples made of zirconium alloys. Fragments of the 
cladding tubes (diameter – 9 mm and 13,5 mm, wall thickness – 0,65 mm and 0,9 mm) made of 
zirconium alloys E110 and E635 were used as the samples for further investigations. 
Compositions of these zirconium alloys are presented in Table 1. Some samples were subjected 
to the chemical etching and polishing procedures by electrolyte СН3СООН+10% НС1О4 at 0°С 
(voltage on electrodes – 30 V, electric current - 0,15 A) while other samples were cleaned by 
argon ion beam. 

Ion-beam cleaning and polishing of the samples. Ion-beam treatment of the surface was 
applied to the samples to be studied before corrosion tests started. One of the main parameters 
that defines the process of ion-beam treatment is an atom dispersion rate Vsp = jSp/Nо, which 
depends, in particular, on a film dispersion factor Sp. The surface cleaning by radial Ar+ ion 
beam with ion current density of 10 mA/cm2 produces no remarkable changes in compositions 
and concentrations of dopants in superficial layer of the samples made of zirconium alloy E110. 

Experimental installation ILUR-03 [9] with coaxial ion source (see Figs. 1, 2) was used 
for ion-beam treatment of lengthy (up to 500 mm) cladding tubes. Specific feature of the ion 
source consists in original design of the discharge chamber composed of cylindrical anode (1), 
cathode (2), the cladding tube, i.e. the mostly treated detail, and electromagnetic pole tips (3). 
Under anode-to-cathode potential difference above 3-5 kV and magnetic induction about 0,3 Tl, 
free electrons can move on circular orbits (within the radial range from 30 to 50 mm) and ionize 
the working gas (argon). In order to upgrade efficiency of the ionization process, electromagnetic 
pole tips were kept under negative electric potential in respect to the cathode potential on 50 -
150 V. This difference appeared large enough to block up electrons inside of the discharge 
anode-to-cathode gap (4). The discharge current was stable within the pressure range of 10-4 – 
10-2 Pa. The discharge current reached its maximal value at pressure of the working gas within 
the range of (3-5)10-3 Pa.  

Experimental installation ILUR-03 was designed not only for cleaning and polishing of 
the cladding tubes but also for superficial layer doping in the ion intermixing regime. That is 
why the installation consists of the following main components: vacuum part, high-voltage 
supply unit for producing discharge in two chambers, low-voltage supply unit from electrical 
grid and the governing block of the installation. The first chamber (position 2 in Fig. 2) is used to 
clean the cylindrical surface by Ar+ plasma. The second chamber (position 1 in Fig. 2) is used for 
further treatment in the high-voltage discharge that generates radial ion beam with a broad 



energy spectrum. The working gas is injected into the chambers through the central chamber 2 
by means of mechanical gate valves (7, 8). The vacuum chambers were pumped out by the 
vacuum-guide (13) connected to high-vacuum pump H-05 equipped with a nitrogen trap. 

Basic ion irradiation parameters for cylindrical lengthy tubes are presented in Table 2. In 
order to provide proper vacuum conditions, the discharge chamber was placed into the vacuum 
chamber (160 cm in diameter). The electromagnet windings were kept at atmospheric pressure, 
and magnetic flow was closed through the chamber walls. Such design of the installation makes 
it possible to reduce load of the vacuum system and decrease significantly the content of 
impurities, thus, producing a positive effect on ion-beam processing of chemically active 
materials, like Be, Al, Ti, Mo and Zr. 

Corrosion tests of the samples. Under real operation conditions (pressure - 16 ÷ 20 MPa, 
temperature - 300 ÷ 400°С, variations of vapor content), neutron irradiation of zirconium alloys 
can decay the secondary-phase particles (intermetallides and extracts). Content of the elements 
dissolved in zirconium matrix can exceed their equilibrium concentrations. As a rule, such an 
excessive content worsens corrosion resistance of zirconium alloys. So, it seems important to 
study the effects produced by oxidization temperature on structure of oxide films deposited on 
the cladding tubes made of zirconium alloy E110 for different cases of final processing 
(mechanical grinding, chemical etching and polishing, ion-beam cleaning and polishing). 

The samples were oxidized according to the International Standard ISO No. 10270 
“Corrosion of metals and alloys in aqueous media” that regulates duration of tests, maximal 
temperature deviations from specified regime (± 6°С) and deviations of vapor pressure (±1,4 
MPa). Corrosion tests were carried out in steel autoclaves. The 1000-, 2000- and 3000-hour 
autoclave tests were carried out under the following conditions: 

 In water, temperature - 3500С, pressure - 16,5 MPa; 
 In vapor, temperature - 3500С, pressure - 12,5 MPa; 
 In vapor, temperature - 3750С, pressure - 14,5 MPa; 
 In vapor, temperature - 4000С, pressure - 19,5 MPa. 
Methodologies for investigations of structural-phase state of zirconium alloys and 

structure of oxide films after ion beam treatment. Elemental compositions and determination of 
spatial atomic distributions in depth of the samples were studied with application of spectrometer 
LECO® SA-2000. This spectrometer is able to conduct simultaneously complex high-precision 
quantitative and layer-wise analysis with high resolution for different metallic matrices by the 
Rutherford methodology of back-scattered atoms. Technology of the glowing discharge allowed 
us to obtain excellent stability and linearity within the concentration range of 10-4 –102 at. % for 
large surfaces (diameter of the measurable spot – 5 mm). Another advantage of the glowing 
discharge before the sparking technology is a narrow spectral line that impedes interference of 
different elements. Spectrometer LECO® SA-2000 has the certificate of the RF 
GOSSTANDART and the international certificate ISO-9001 No. FM-24045 confirmed by the 
BSI (British Standards Institute). 

Methodologies for investigations of oxide films. Visual studies of the surface were carried 
out with application of the raster electronic microscope (REM) EVO – 50. Structures of oxide 
films were studied for two different states: directly in alloy and in the state separated from metal. 
The following methodologies and the measuring devices were applied to investigate structures of 
oxide films on metallic substrate: raster ion microscopes (RIM) Strata-235 and Quarta-500 with 
Ga+ ion beam sounding (ion energy – 30 keV, ion-beam current 1÷10 nA, transversal cross-
section of ion beam - 10÷30 nm, pressure of residual gases in the working chamber – below 10-8 
Pa); micro-analyzer of raster electron microscope JSM (product of JEOL Company) with 
integrated micro-sounding X-ray analyzer ISIS (product of Oxford Instruments Company); 
mass-spectrometer on secondary ions HPI-660 (product of HPI Company, USA). Infrared 
scanning microscope was used to determine thickness of oxide films. Atomic-force microscopy 
(AFM) was used to study film-alloy interface. 



Since RIM-methodology presumes essentially destructive assay, i.e. state of a concrete 
surface region may be observed in a single moment only owing to its destruction by physical 
dissipation processes, a real opportunity appeared for us to observe visually the surface 
transformations under ion-beam irradiation of a typical surface region (5×5 µm or 10×10 µm 
with spatial resolution at the level of 0,01÷0,1 µm). Pictures of the surface regions may be 
obtained in two operation modes: registration of secondary electrons (like REM-methodology) 
and registration of secondary ions. The latter is a very promising option for studying the 
structural-phase states of oxide films because the presence of oxygen atoms on the surface can 
increase emission rate of secondary ions by 2-3 orders of magnitude. The higher emission rate 
upgrades significantly an informative content of the pictures. Application of ion beams with high 
ion energy makes it possible to conduct high-precision milling and cutting of metals and 
dielectrics with accuracy of the beam positioning better than 0,03 µm. We used the milling 
regime for producing a rectangular hole (10×10 µm, depth – 10 µm) on the surface covered by 
oxide film in order to provide opening of metallic sub-layer in the substrate (see Fig. 3). 

Structures of oxide films were studied with their separation from metallic base by 
extraction in low-concentrated solution of hydrofluoric acid. The surface relief was studied with 
application of optical microscope MUM-3M. Phase compositions of oxide films were derived 
from the electron-grams obtained by REM devices in diffraction operation mode with the 
accelerating voltage of 75 and 100 kV. The surface roughness was evaluated with application of 
profilometer - profilograph TR-200 (product of A&D Company, Japan) in full accordance with 
the RF State Standard 2789-73. 

 
Experimental data 

Typical photo-picture of the surface treated by Ar+ ion beam (dose - 51018 ion/cm2) is 
shown in Fig. 4. Thickness of the removed layer reached a value of 3-5 µm. Transversal 
technological scratches produced by mechanical grinding were removed with a high guarantee. 
Studies of the irradiated surface were carried out with application of raster ion microscope, and 
their results allowed us to conclude that the surface became smooth and impurity-free (carbon 
and nitrogen concentrations were below 0,01 at.%) at irradiation doses within the range of (1÷5) 
1018 ion/cm2. The higher irradiation doses (up to (1÷2)×1019 ion/cm2) revealed the grain 
boundaries that can be caused by different dissipation rates of some crystallites. The secondary-
phase inclusions were also observed on the irradiated surface. 

Irradiation doses at the level of (1-2)×1018 ion/cm2 by Ar+ ion beam can clean the surface 
from any contaminants while irradiation doses at the level of (5-15)×1018 ion/cm2 can remove 
practically all technological scratches produced by mechanical grinding. Ion-beam treatment in 
the cleaning and polishing regime decreased roughness of the irradiated surface from Ra = 
1,750,5 µm of mechanically grinded surface to Ra = 0,5 – 0,7 µm after ion-beam treatment. One 
specific feature of ion-beam treatment should be noted here, namely the surface roughness 
depends on pressure of residual gases in the discharge chamber of ion source as well as on 
irradiation dose. For example, remarkable increase of the surface roughness was observed at 
irradiation doses above (1-2)1018 ion/cm2. However, simultaneous irradiation of the surface by 
He+ and Ar+ ion beams (CHe+ : CAr+ ≈ 1 : 10) decreased the surface roughness to Ra = 0,3 – 0,4 
µm even under irradiation doses at the level of (1-2)1019 ion/cm2. 

As is known, corrosion rate depends substantially on the surface state and its roughness 
[10-12]. When oxide film becomes thicker, its layer repeats all contours of thee surface, 
increases effective area of oxidation and promoter penetration of oxygen (hydrogen) into “oxide-
metal” interface. That is why the surface roughness is an important parameter for correct 
evaluation of corrosion resistance. The samples of zirconium and zirconium alloys were 
subjected to 1000-hour oxidation at 350оС and 400оС. Experimental data on the changes of the 
surface roughness caused by such a long-term high-temperature oxidation process revealed the 
following general tendency: the roughness parameter Ra increases to a lower extent for the 



samples of E110 alloy which were preliminarily subjected to electrochemical polishing and ion-
beam treatment:  

- grinding – Ra = 1,10,2 µm and 1,70,2 µm;  
- electrochemical polishing  – Ra = 1,10,2 µm and 1,40,2 µm; 
- ion-beam cleaning and polishing – Ra = 1,20,2 µm and 1,30,2 µm. 

When oxidation temperature increases, the surface roughness increases too, but the 
samples with preliminary electrochemical polishing and ion-beam treatment become rougher to a 
lower extent. 

Studies of oxide films demonstrated that their structure repeated, in general, the structure 
of metallic substrate, i.e. oxide films became thicker, in an epitaxial manner, on the grain 
surfaces. Different growth rates of oxide films were observed on some grains, and different 
thicknesses of oxide films changed their color. Local defects of the films continuity (uniformity) 
were observed in some samples. These defects could be caused by higher density of extractions 
in near-to-surface layer, by violation of its adhesion to metallic substrate and by intense 
mechanical  stresses in “oxide-metal” interface arising as a result of the film growth [10-12].  

Thicknesses of oxide films were measured after the autoclave corrosion tests 
(temperatures - 350С, 375С, 400С) and presented in Table 3. Experimental data on thickness 
of oxide films on the samples which were preliminarily subjected to ion-beam cleaning and 
polishing and then oxidized in different media (in water at 350Сor in vapor at 350С, 375С 
and 400С) allowed us to derive the following general relationship: the adopted parameters of 
ion-beam treatment did not worsen corrosion resistance of the samples (see Table 3). In some 
cases, ion-beam treatment (cleaning and polishing) resulted in thinner oxide film. 

One can see from Fig. 5 that oxide films on the surface of the samples made of zirconium 
alloy E110 became thicker (from 2 µm to 5 µm), when temperature increased from 350С to 
400С. Temperature dependency of the thickness was practically linear. Kinetic effects in 
corrosion of the cladding tubes made of E110 alloy were studied at temperature of 400С and at 
pressure of 20 MPa. At initial stages of oxidation process, mass gain of the samples obeys to the 
following law: 

m  n, 
where m  mass gain of the sample, factor n can vary from 0,33 at initial phase to about 1,0 in 
long-term tests. So, in some cases, time dependency of mass gain may be written in a form of 
linear function. 
 
Discussion of the obtained results 

Analysis of oxide films on the surface of zirconium alloys demonstrated that high-
temperature oxidation resulted in formation of many pores and inclusions inside of oxide films 
(typical sizes - 0,1÷ 0,3 µm) with uneven oxidation front.  One of the ways towards improvement 
of the oxide film state consists in pre-treatment of superficial layers by argon ion beam with a 
broad energy spectrum and doping of metallic surface with Al, Fe or Mo atoms with application 
of ion intermixing technology [10-12]. Ion irradiation of the cladding tubes and doping in ion 
intermixing regime can improve homogeneity of oxide films and strengthen their adhesion with 
metallic sub-layer that can produce a positive effect on corrosion resistance of fuel cladding 
made of zirconium alloys. 

Experimental data allowed us to derive some kinetic dependencies for the process of 
oxide film growth on the samples made of high-purity zirconium (Mark Zr-100) and zirconium 
alloys E110, E635. These dependencies were constructed on the base of experimental data 
obtained after long-term (600-7000 hours) corrosion tests in water and vapor. The approximating 
functions for these dependencies are presented in Fig. 6. Within the frames of linear 
approximation, the summary data for time dependencies of oxide films thickness after long-term 
corrosion tests are presented in Table 4 for the samples made of zirconium alloy E110 in 
nominal state and after ion-beam cleaning (O-1) and polishing (P-1). Some predictions on 
anticipated thickness of oxide films after 10000-hour corrosion tests are presented too. 



It can be seen that the growth rate of oxide films on nominal samples in water (v  510-4 
µm/h) appeared slightly larger than the anticipated value (v  310-4 µm/h, see Fig. 6). If the 
samples were pre-treated by ion beam, then the growth rate decreased to v  210-4 µm/h. As is 
expected, thickness of oxide films may be equal to 6,4±0,8,  3,8±0,8 and 3,8±0,8 µm, 
respectively, after 10000-hour corrosion tests.  

In the case of vapor tests at 350оС (12,5 MPa), the growth rate increased up to v  910-4 
µm/h for nominal samples and to v  3 and 410-4 µm/h, respectively, for pre-treated samples. 
As is expected, thickness of oxide films may be equal to 9,7±0,8,  5,0±0,8 and 4,9±0,8 µm, 
respectively, after 10000-hour corrosion tests.  

In the case of vapor tests at 375оС (14,5 MPa), the growth rate decreased to v  510-4 
µm/h for nominal samples (with reduced confidence probability) and changed insignificantly (to 
v  3 and 410-4 µm/h, respectively) for pre-treated samples. As is expected, thickness of oxide 
films may be equal to 7,6±0,8,  7,6±0,8 and 5,9±0,8 µm, respectively, after 10000-hour corrosion 
tests.  

In the case of vapor tests at 400оС (19,5 MPa), the growth rate increased up to v 1910-4 
µm/h for nominal samples and to v  13 and 1910-4 µm/h, respectively, for pre-treated samples. 
As is expected, thickness of oxide films may be equal to 22,7±0,8,  16,3±0,8 and 22,4±0,8 µm, 
respectively, after 10000-hour corrosion tests.  

 
Conclusions 

Experimental studies were carried out to investigate kinetics of oxide films formation on 
tubular samples made of zirconium alloys which were subjected to ion-beam treatment (cleaning 
and polishing by Ar+ ion beam, doping in ion intermixing regime and long-term (up to 3000 
hours) corrosion tests in water at 350оС and in vapor at 350оС, 375оС and 400оС.  

The autoclave corrosion tests in water demonstrated that thickness of oxide films on the 
surface of nominal samples increased according to the following exponential law: z(t) = 
0,338×t0,2779 (confidence probability R2 = 0,9993). Linear approximations were used to evaluate 
thickness of oxide films after 10000-hour corrosion tests for nominal and pre-treated (ion-beam 
cleaning and polishing) samples; the expected values are equal to 6,4±0,8, 3,8±0,8 and 3,8±0,8 
µm, respectively. 

The autoclave corrosion tests in vapor at temperatures of 375оС and 400оС demonstrated 
that structures and main parameters of oxide films substantially differed from those obtained in 
corrosion tests at 3500С in water and vapor (non-uniform thickness of oxide films, larger 
porosity). According to numerical evaluations, thickness of oxide films could reach 16-23 µm in 
10000-hour corrosion tests. 

Experimental studies showed that the chosen regimes for ion-beam cleaning and polishing 
of the cladding tubes made of zirconium alloys did not worsen corrosion resistance of fuel 
cladding. So, ion-beam treatment can be recommended for practical application as a final 
technological procedure for the outer fuel rod surface cleaning and polishing. 
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Fig.1. Scheme for treatment of the outer cladding surface by Ar+ ions with a broad energy 
spectrum. 

 

 

 
1 – chamber 1; 2 – chamber 2; 3 – air valve; 4 – filter; 5 – mechanical lead-in; 6 – auxiliary 

chamber; 7, 8 – mechanical seal valve; 9 – reservoir for gas bleeding into the system; 10 – low-
vacuum sensor; 11 – high-vacuum sensor; 12 – electrical lead-in; 13 – vacuum-guide 

 
Fig. 2. Design of vacuum system in ILUR-03 installation 

 



 
 

 
 

 
 
 
 

Fig. 3  – Measurement of oxide 
film depth by raster ion 

microscope STRATA-235S 
(picture in the secondary ions), 

thickness of oxide film is 
marked by the arrows 

 

 

Fig. 4. 
Photo-picture of the cladding 

surface made of E110 alloy and 
modified by Ar+-ion beam with 
dose Ф = 5∙1018 ion/cm2 (region 
of the treated surface is marked 

by the arrows) 

 

 

 
 
 

Fig. 5. 
Thickness of oxide film on 
E110 alloy as a function of 

temperature in 1000-hour test in 
vapor atmosphere 

 
 

 
 



 
 
 
Fig. 6. Kinetic temperature dependencies of oxide film thickness on pure zirconium samples and 
on samples of zirconium alloys (E110 and E635)  
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Table 1. Elemental composition of zirconium alloys E110 and E635 
Elements Nb Sn Al Ni Cu Fe Cr Mo O С N 

E110 1,0 - 0,008 0,02 0,005 0,05 0,02 0,005 0,10 0,02 0,006 

E635 0,9-1,1 1,0-1,3 - 0,02 0,005 0,4 0,02 0,005 0,10 0,02 0,006 

 
 
Table 2. Optimal parameters for ion irradiation of the samples 

Parameters Values 
Pressure of residual gases in the working chamber, Torr, 10-3  

1 
Voltage of discharge, kV 1 – 10 
Current of discharge, mA 1 – 500 
Temperature of cylindrical sample, оС 50 – 150 
Ion energy, keV 0,3 – 8 
Ar-ion current, mA 10 – 500 
Irradiation dose, cm-2,  (0,5 – 10) 1018 
Working pressure in the discharge chamber, Pa 1 – 10-4 

 
Table 4. Liner approximating functions for growth of oxide films on the samples during 1000-

hour autoclave tests 
 

Approximating function 
Confidence 
probability 

Thickness of 
oxide film, µm 

Tests Water, 3500С, 16,5 MPa 
In nominal state  z(t) = 0,0005×t+1,4333 0,95 6,4±0,8 

After cleaning (О-1) z(t) = 0,0002×t+1,7667 0,75 3,8±0,8 
After polishing (P-1) z(t) = 0,0002×t +1,8000 0,57 3,8±0,8 

Tests Vapor, 3500С, 12,5 MPa 
In nominal state  z(t) = 0,0009×t+0,7333 0,84 9,7±0,8 

After cleaning (О-1) z(t) = 0,0003×t+2,0333 0,99 5,0±0,8 
After polishing (P-1) z(t) = 0,0004×t+0,9333 0,99 4,9±0,8 

Tests Vapor, 3750С, 14,5 MPa 
In nominal state  z(t) = 0,0005×t+2,5667 0,99 7,6±0,8 

After cleaning (О-1) z(t) = 0,0004×t+3,5667 0,98 7,6±0,8 
After polishing (P-1) z(t) = 0,0003×t+2,9333 0,35 5,9±0,8 

Tests Vapor, 4000С, 19,5 MPa 
In nominal state  z(t) = 0,0019×t+3,7000 0,79 22,7±0,8 

After cleaning (О-1) z(t) = 0,0013×t+3,3333 0,99 16,3±0,8 
After polishing (P-1) z(t) = 0,0019×t+3,4000 0,88 22,4±0,8 

 
 

 
 



Table 3. State of oxide films and their thickness after autoclave tests of the samples 

Duration of autoclave tests 1000 hours 3000 hours 

Water, 3500С, 16,5 MPa 

In nominal (initial) state Film thickness - 2,1 µm (0,65 - 3,27 µm), irregular interface Film thickness - 2,9 µm (2,82 - 3,00 µm), smooth interface, porosity - 10% 
(0,45 - 0,57 µm) 

Cleaning, regime I 

(О-1) 

Film thickness - 1,7 µm (1,69 - 1,76 µm), smooth interface, uniform 
film 

Film thickness - 2,1 µm (1,88 - 2,26 µm), irregular interface, porosity - 5% 
(0,19 - 0,21 µm) 

Polishing, regime I 

(P-1), Ra 1 µm 

Film thickness - 2,1 µm (2,12 - 2,33 µm), irregular interface, uniform 
film 

Film thickness – 2,4 µm (2,26 - 2,48 µm), smooth interface, porosity - 7% 
(0,28 - 0,43 µm) 

Vapor, 3750С, 14,5 MPa 

In nominal (initial) state Film thickness - 6,6 µm (6,39 - 6,58 µm), smooth interface, porosity - 
3% (0,17 - 0,28 µm) 

Film thickness - 3,5 µm (3,13 - 3,91 µm), longitudinal cracks, irregular 
interface, porosity - 10% (0,28 - 0,38 µm) 

Cleaning, regime I 

(О-1) 

Film thickness - 3,1 µm (2,82 - 3,30 µm), smooth interface, uniform 
film 

Film thickness - 4,9 µm (4,70 - 5,08 µm), longitudinal cracks, irregular 
interface, porosity - 4% (0,21 - 0,72 µm) 

Polishing, regime I 

(P-1), Ra 1 µm 

Film thickness - 6,6 µm (6,39 - 6,58 µm), smooth interface, porosity - 
3% (0,17 - 0,28 µm) 

Film thickness - 3,4 µm (3,00 - 3,57 µm), irregular interface, porosity - 
12% (0,23 - 0,78 µm) 

Vapor, 4000С, 19,5 MPa 

In nominal (initial) state Film thickness - 5,1 µm (5,00 - 5,20 µm), longitudinal cracks, smooth 
interface, porosity - 4% (0,14 - 0,39 µm) 

Film thickness - 6,9 µm (6,77 - 6,95 µm), longitudinal cracks, irregular 
interface, porosity - 8% (0,30 - 0,59 µm) 

Cleaning, regime I 

(О-1) 

Film thickness - 4,9 µm (4,94 - 5,29 µm), smooth interface, uniform 
film 

Porosity – 5% (0,18 - 0,21 µm), longitudinal cracks 

Polishing, regime I 

(P-1), Ra 1 µm 

Film thickness - 5,1 µm (5,00 - 5,20 µm), smooth interface, porosity - 
4% (0,14 - 0,39 µm) 

Film thickness - 8,5 µm (8,25 - 8,67 µm), longitudinal cracks, smooth 
interface, porosity - 5% (0,21 - 0,37 µm) 

 


