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Abstract 

Results of surface structure investigations of TiCrN coating on carbon steel after irradiation by 
helium, krypton and xenon heavy ions are reported in the present publication. The series of 
Cr50Ti50N coatings on carbon steel with thickness of 50,..., 300 nm were formed by vacuum arc 
deposition techniques. Specimens with TiCrN coating on carbon steel were irradiated by low energy 
4He+1 (22 keV) and 4He+2 (40 keV) ions and high energy Xe+18 and Kr+14 ions with energy of 
1.5 MeV/nucleon. Fluence of He ions was 1.0×1017 ion·cm-2, fluence of Xe and Kr ions was 
5×1014-1.0×1015 ion·cm-2, irradiation temperature did not exceed 150°C. Study of surface structure 
was performed by scanning electron microscopy (SEM) and atomic force microscopy (AFM). 
Methods of Roentgen diffractometry and Rutherford backscattering was applied for determination 
of structure and thickness of coating. In case of irradiation with Xe+18 and Kr+14 ions an 
investigation of surface morphology and structure was done after successive two hours vacuum 
annealing of irradiated samples at temperatures 400°C, 500°C and 600°C.  

It was shown that after irradiation by Xe and Kr ions on the surface of coating convexities 
appear, surface density of which correlates with ion flux. In the case of Xe, ions irradiation 
generated convexities of spherical and elongated shape with dimensions ranging from ten to 
hundreds nm. In the case of Kr ions, only spherical globules were generated, dimensions of which 
are 10-30 nm. The most likely explanation of observed surface damage is that: convexities on the 
surface are generated at ion bombardment of specimens with coating. Convexities are the traces of 
ions passing through coating and they are due to structural reconstruction at energy release along 
a trajectory of ions braking. Convexities of elongated shape represent overlapping traces from two 
passing ions. When the projective range of Xe and Kr ions exceeds coating thickness, damage 
structures is generated in the substrate and convexities are the traces of undersurface damages. 
After subsequent two hours vacuum annealing convexities dimensions on the surface became 
smaller. Overlapping convexities, observed in case of Xe ions bombardment, became separate and 
confirmed the hypothesis that elongated convexities are the overlapping of traces from two near 
passing ions. Surface flaking or coating lamination was not observed after irradiation by xenon 
and krypton at the above mentioned fluencies of irradiation. 

Introduction 

Development of nuclear power shows increased requirements to used structural materials, 
technologies of their manufacture and the control of serviceability. Development of new 
structural materials is an actual challenge for creation of reactors of generations III+ and VI. 
According to the requirements, reactors of Generation IV should possess high levels of 
efficiency and safety during a period of active operation of 40-60 years. It is possible to 
satisfy these requirements by a high degree of burn up of the nuclear fuel, increased 
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temperatures of the coolant (800°C–1 200°C), that imposes special requirements for 
structural materials of nuclear installations. These materials should possess high 
mechanical strength; radiation stability of structure and properties under irradiation; 
minimal activation ability; stability of geometrical parameters of the units made of them, 
high resistance to corrosion against fuel materials and the coolant. Development of new 
structural materials is conducted in several directions, such as, for example, development 
oxide dispersed strengthened (ODS) ferrite martensite steels, high nickel content alloys of 
nimonic PE-16 type, austenite steels with special dopants.  

Alongside with these directions, development of materials with coatings possessing 
high physical-mechanical properties, used for protection of the basic material from 
radiation, thermal and aggressive environment impact is considered as perspective. 
Ceramic coatings are now being used to increase the resistibility of structural steels for 
high-temperature reactors to radiation embrittlement and swelling [1,2]. Among them, 
the special attention of the leading nuclear centers of the United States, Japan, France, 
Russia and other countries is focused on nitrides of transition metals. They represent the 
greatest interest for use as protective radiation-resistant materials in nuclear-power 
installations of generation III + and IV [3,4]. Interest in nitrides of transition metal can be 
explained by their special physical and mechanical properties, combining both properties 
of ceramics and metals. Coatings based on nitrides of the transition metals possess the 
increased hardness, wear-and corrosion resistance, thermal stability [5-7] that allows 
considering them as perspective protection for structural materials. Nitride coatings are 
already examined as perspective for covering of surface cladding of generation VI gas-
cooled fast reactors (GFR) [8] and it makes actual studying of their radiation resistance. As 
shown in our investigations, the best results have been found out for multicomponent 
composite coatings based on the solid solutions of nitrides of several transition metals 
(Ti-Cr-N, Ti-Zr-N, Ti-Mo-N and others) [9,10]. However stability of the physical-
mechanical properties of such coatings under irradiation is insufficiently studied and this 
impedes their possible use as radiation-resistant protective coating. The objectives of this 
work are to study changes on the surface structure of titanium-chromium-nitrogen 
coatings on steel, caused by alpha-particles irradiation simulating the accumulation of 
helium due to nuclear reactions at neutron irradiation, as well as by irradiation of 
krypton and xenon ions simulating fission fragments of nuclear fuel. 

1. Experimental 

Titanium-chromium-nitrogen coatings were deposited on surface of carbon steel 
(< 0.2 weight % С) substrates by vacuum arc deposition with ion bombardment (VAD). 
Vacuum arc deposition regimes was as follows: Ti and Cr cathodes, residual nitrogen 
pressure – PN = 10-1 Pa, bias voltage of 60 V, cathodes current of 100 A, deposition time of 
1,…,4 min. The series of TiCrN coatings with approximately equal content of titanium 
and chromium on carbon steel with a thickness of 50,…, 300 nm were formed. The 
procedure of coating formation is presented in details in the litterature [5,7]. Specimens 
were disks with diameter of 15 mm and thickness of ~ 1 mm (Figure 1). 

Figure 1: Shape of specimens with TiCrN coating 

 

Analysis of coating element content, by using energy dispersive X-ray microanalysis 
EDXA (Figure 2) shows that the coating composition is a compound of titanium, 
chromium and nitrogen, with a titanium content of - 52.51 ± 0.07 at.% and a chromium 
content of - 47.49 ± 0.07 at. %. 
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Irradiation of specimens with TiCrN coating by alpha-particles was performed on low 
energy channel of heavy ion cyclotron DC-60 of Astana branch of INP. Specimens were 
irradiated by 4He+1 ions irradiation with an energy of 22 keV per charge, i.e. hole ion 
energy consists E(4He+2) = 40 keV, irradiation fluence – F = 1×1017 ions/cm2), irradiation 
temperature did not exceed 150°C. 

Figure 2: X-ray spectrum from the coating side 

 

Table 1: Element content obtained by the processing of EDXA spectra 

Element 
Content at. % 

Coating Substraste 
Fe – 99.05 ± 0.22 
Si – 0.37 ± 0.19 
Ti 52 ± 0.1 – 
Cr 48 ± 0,1 – 
Mn – 0.58 ± 0.02 

Irradiation of specimens with TiCrN coating by krypton ions (84Kr+14) and xenon ions 
(132Xe+18) with an energy of 1.5 MeV per nucleon was performed on high energy channel of 
heavy ion cyclotron DC-60. Total ion energy in case of 84Kr was equal to ~ 125 MeV, 
F = 1×1016 ions/cm2, irradiation temperature did not exceed 150ºC. Total ion energy in case 
of 132Xe was equal to ~ 200 MeV, F = 1×1016 ions/cm2, irradiation temperature did not 
exceed 150ºC.  

Structure, thickness and surface morphology of the coatings were studied by X-ray 
diffractometry (XRD), Rutherford backscattering on protons (RBS) [11], scanning electron 
microscopy (SEM) and atomic force microscopy (AFM). 

2. Experimental results and discussion 

2.1 Effect of low-energy alpha-particles irradiation on the structure of TiCrN coating  

Structural and phase stability: according to [5], chromium-titanium-nitrogen coatings 
deposited on the metallic substrate by VAD method at 450ºC – 500ºC, constitute solid 
solutions (Ti, Cr) N having an FCC lattice. Formed by condensing of combined plasma 
streams titanium and chromium in a nitrogen atmosphere, the phase composition of the 
TiCrN coatings represents a mixture of phases, content of which varies from (Ti, Cr) N + 
Cr to TiN + (Ti, Cr) N with an increase in the relative atomic concentrations of titanium to 
chromium. For example, increasing the chromium content leads to the formation in 
coating of a mixture of phases solid solutions (Ti, Cr) N and Cr, increasing titanium 
content leads to formation of a mixture of phases solid solutions (Ti, Cr) N and TiN.  



NEA/NSC/WPFC/DOC(2015)9 

 

STRUCTURAL MATERIALS FOR INNOVATIVE NUCLEAR SYSTEMS (SMINS-3), © OECD 2015 269 

The X-ray diffractometry of samples both before and after implantation by low-
energy alpha-particles was carried out to identify the structural and phase composition 
of the coating. Examples of diffractogrammes of TiCrN coating on steel substrate 
shooting in Bragg-Brentano and grazing geometry before and after alpha-particles 
implantation are shown in Figure 3. According to the diffractogrammes in Figure 3, it is 
difficult to judge on the structural-phase state of the coating. The lack of diffraction 
patterns from coating of unirradiated and irradiated coating surfaces, apparently, is due 
to its small thickness (50 nm – 100 nm).  

Figure 3: Diffractogrammes of TiCrN coating on steel: before helium ions irradiation 
a) – shooting in Bragg-Brentano geometry 

b) – grazing beam; c, d - shooting in Bragg-Brentano geometry after helium ion implantation, 
c) – 4He+1, E = 22 keV, F = 1×1017 ion/cm2, d) – 4He+2, E = 40 keV, F = 1×1017 ion/cm2 

  

 
c) 

 
d) 

The diffractogramme of unirradiated TiCrN coatings on steel, shooting in Bragg-
Brentano and grazing geometry, contains only diffraction pattern from the (110) (200) (211) 
(220) planes of BCC-lattice of steel (lattice constant a = 2.868 Å) as seen in Figures 3a and 
3b, respectively. As can be seen from the Figures 3c and 3d, irradiation by helium ions 
with energy of 22 keV and 40 keV to a fluence of 1×1017 ion/cm2 did not lead to significant 
changes in the phase composition – on diffractogrammes, only the diffraction pattern of 
the BCC lattice steel was clearly observed. Irradiation, however, resulted in changes of 
the diffraction pattern – significant increased background, reflection peaks from the 
planes of the BCC steel lattice became wider and on the diffractogrammes of the 
irradiated samples mild reflections at angles 2Θ equal to 37º and 62º appeared. However, 
the identification of the phase at which these reflections belong is not possible. The 
diffractogramme from the steel substrate is similar to the diffractogramme from the 
coating side of unirradiated sample. This argues in favour of radiation effects of line 
broadening and of background increase marked on the irradiated coating surface of the 
samples.  

For samples with TiCrN coating of 100 nm thickness on silicon, only reflections from 
the FCC lattice of silicon were observed on diffractogramme of non-irradiated and 
irradiated with helium ions samples are observed. On the diffractogramme of the non-
irradiated samples with TiCrN coating of 300 nm thickness besides FCC reflexes of silicon, 
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two weak diffraction lines were observed, as shown in Figure 4. These X-ray peaks can be 
attributed to modifications of titanium nitride. Procedure of deposition of TiCrN coating 
on silicon substrate is similar to the deposition of the same coatings on steel substrate. 
Content of this phase is small and for its identification, a diffractogramme was recorded 
in the range of 2Θ angles of 34º-44º with smaller step (Figure 4). The diffuse shape of the 
diffraction peaks and the shift with respect to the standard reflections indicates the low 
degree of perfection of the crystal lattice and the deviation from stoichiometry. TiN phase 
reflexes are absent on the diffractogramme of the sample irradiated by helium ions with 
energy of 40 keV to a fluence of 1 × 1017 ion/cm2.  

Figure 4: Diffractogrammes of CrTiN coating on Si: 
a - before helium ions irradiation, shooting in Bragg-Brentano geometry, 

b - after implantation by 4He+1, E = 22 keV, F = 1×1017 ion/cm2, shooting in Bragg-Brentano geometry 

a)  b)  

Effect of irradiation with low-energy alpha-particles on the surface morphology of the 
TiCrN coating: as follows from the AFM and SEM studies, surface structure of TiCrN 
coating has undergone changes under low energy alpha-particles bombardment. AFM 
images of the surface structure of the coating TiCrN before irradiation, after irradiation 
by helium 4He+1 with an energy 22 keV and helium ions 4He+2 with an energy of 40 keV to 
the same fluence of 1×1017 ion/cm2 are shown in Figures 5a,b and c respectively. 

Figure 5: Surface relief of the TiCrN coating on steel (AFM study): a -  before irradiation, 
b - after irradiation by helium ions with energy E = 22 keV to fluence of F = 1×10 17 ions/cm2, 
c - after irradiation by helium ions with energy E = 40 keV to fluence of F = 1×10 17 ions/cm2 

   
a b c 

Comparison of the images in Figures 5a, 5b and 5c shows the changes of the surface 
roughness of TiCN coating on the energy of incident helium ions. For unirradiated TiCrN 
coating average surface roughness consists ~ 52 nm, surface roughness of irradiated by 
22 keV helium ions consists of – 65 nm and surface roughness of irradiated with 40 keV 
helium ions ~ 85 nm. Moreover, it is evident that the irradiated surface of TiCrN coating 
became more developed compared with the non-irradiated surface of the sample. This is 
due to two effects: surface spattering at helium ions bombardment and energy release 
during braking helium ions in the coating layer. Despite the fact that for alpha-particle 
the sputtering surface coefficient Ks is small (Ks~0.01 atom/ion as estimated from TRIM 
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calculation for alpha-particle energy of 40 keV) in comparisong with heavy ions Ar or Kr, 
the sputtering leads to the formation of a more developed surface. The energy loss at 
braking helium ions in coating leads to local heating of the surface and thermal 
rearrangements, which also contributes to the formation of more developed surfaces. 

The results of SEM studies of the coating surface structure confirm the results of AFM 
studies. SEM images with different magnification of the unirradiated and irradiated 
coating surface and image of stainless steel surface irradiated by 4He+2 with an energy of 
40 keV to fluence F = 1×1017 ions/cm2, are shown in Figure 6. 

Figure 6. SEM images: a – surface of the unirradiated TiCrN coating on carbon steel, 
b – surface of structural stainless steel 12Cr18Ni10Ti irradiated by 4He+2 ions (E = 40 keV, 
F = 1×1017 cm-2), c – surface of the TiCrN coating on carbon steel irradiated by 4He+1 ions 
(E = 20 keV, F = 1× 1017 cm-2), d – surface of the TiCrN coating on carbon steel irradiated 

by He+2 ions ( E = 40 keV, F = 1 × 1017 cm-2). 

a)  c)  

b)  d)  

Photographs in Figure 6a, b performed at magnification ×1 000, photographs 
in Figure 6c and d performed at higher magnifications – ×14 000 - ×20 000. 

It can be seen from Figures 6c and d after irradiation by alpha-particles with an 
energy of 20 keV and 40 keV at the surface of TiCrN coating objects of size of a few 
nanometers appeared, which seems to be helium-filled bubbles. They are visible at high 
magnification – right hand photos in Figures 6c and 6d. Note that in the photographs of 
the irradiation with ions 4He+1 surface, separate bubbles located far from each other are 
observed, while on the surface irradiated by ions of 4He+2, more complex structures are 
observed (compare Figures 6c and 6d). In Figure 6 where the surface structure of the 
TiCrN coating is shown before irradiation, such “objects” are not observed.  

To compare the effects of irradiation on the surface structure in Figure 4b, the image 
of the surface of stainless structural steel 12Cr18Ni10Ti irradiated by 4He+2 ions with an 
energy of 40 keV to the same fluence F = 1×1017 cm-2 is shown. On the steel surface, 
numerous blisters are clearly visible – helium-filled bubbles dimensions of which are of 
the order of tens of nanometers. The comparison of images of the surface structures of 
the steel and TiCrN coating led to the conclusion that TiCrN coatings significantly 
suppress the formation of blisters and flaking. 

Results of surface structure studies of irradiated with alpha-particles coatings of 
TiCrN on silicon substrate are shown in Figure 7. Thickness of coating on silicon was the 
same as for a carbon steel. As seen in Figures 7 a and b, after irradiation by alpha-
particles with energy 40 keV up to fluence F = 1×1017 cm-2 on the surface of the coating not 
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only blistering, but also flaking occured– opening of helium bubbles causing delamination 
of the TiCrN coating. 

The reason for such a difference of the surface structure of TiCN coating on steel and 
on silicon is explained below: projective range of helium ions with energy 40 keV in TiCrN 
coating consist ~ 200 nm, according to SRIM calculations. 

Figure 7: SEM images of TiCrN coating on silicon substrate irradiated with 4He+2 ions up to 
fluence F = 1 × 1017 cm-2, magnification a) – ×1 000, b) – ×10 000, c) – ×20 000, respectively 

   
a b c 

The projective range of 40 keV alpha-particles both for TiCrN coating on steel and on 
silicon exceed the thickness of coating or lays in the region of interface substrate – 
coating. Therefore stopped alpha-particles are lays in the substrate material and visible 
objects on the surface of coating represents the traces of undersurface helium bubbles 
formed in the base material.  

As silicon undergoes much more voids formation, including the formation of inert gas 
bubbles, compared to steel, the process of gas swelling in silicon proceeds more 
intensively than in steel. It leads to the formation of larger gas bubbles and to larger gas 
pressure in bubbles and therefore opening of helium bubbles on the surface and to 
flaking and delamination of the TiCrN coating. 

Study of unirradiated and irradiated specimens with TiCrN coatings on carbon steel 
by Rutherford backscattering method on protons give results presented in Figure 8 and in 
Table 2. In Figures 8a, b and c, RBS spectrums of backscattered protons and their 
approximation are shown. 

Figure 8: RBS spectrums of unirradiated and irradiated by helium ions specimens with TiCrN 
coating on carbon steel – black curves, results of approximation – red curves; a) – unirradieted 

sample, b – irradiated by 4He+1 ions, c) – irradiated by 4He+2 ions. 

 
a 

 
b 

 
c 

Approximations from Figures 8a, b was used for calculations of element content along 
distance from the surface coated by TiCrN (Table 2). Shift and decreasing of the amplitude 
of the peak corresponding to the irradiated TiCrN coating can be explained by the 
implantation of helium in the subsurface area, that is resulting in a relative decrease of the 
content of the main coating components (Ti and Cr) as well as a cracking of carbon 
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compounds from the vacuum on the sample surface under irradiation. Therefore, the 
presence and quantity of helium and carbon in subsurface layers (Table 2), were calculated 
from the condition of the best agreement of the experimental and simulated spectra in the 
coverage area, keeping in mind the presence of the invisible He and C components in the 
spectra. Shift and decreasing of the amplitude of peak corresponding to irradiated TiCrN 
coating can be explained by implantation of helium in the subsurface area, resulting in a 
relative decrease of the content of main coating components (Ti and Cr) as well as the 
cracking of carbon compounds from the vacuum on the sample surface under irradiation.  

The results of RBS study confirmed our suggestion that the range of alpha-particle 
with energy of 40 keV exceed the coating thickness and gas bubbles nucleate in 
substrates. 

Table 2: Estimated values of element contents along the distance from surface for 
unirradiated and irradiated by heliun ions specimens with TiCN coating on carbon steel 

Unirradiated specimen with TiCrN coating on carbon steel 

Distance from surface, nm 
Content at.% 

Cr Ti N Fe 
<50 35 35 30 0 
>50 0 0 0 100 

Speciment with TiCrN coating on carbon steel irradiated by ions 4He+1, E = 22 keV 

Distance from surface, nm 
Content at.% 

Cr Ti N He С* Fe 
<50 35 35 30 ? ? 0 

50-300 0 0 0 15 0 85 
>300 0 0 0 0 0 100 

Speciment with TiCrN coating on carbon steel irradiated by ions 4He+2, E = 40 keV 

Distance from surface, nm 
Content at.% 

Cr Ti N He С* Fe 
<50 35 35 30 ? ? 0 

50-300 0 0 0 15 0 85 
>300 0 0 0 0 0 100 

• carbon film is appear at the surface during irradiation in vacuum chamber 
? content of helium was determined from normalisation requirement  

2.2 Effect of high-energy krypton and xenon ions irradiation on the structure of TiCrN 
coating  

Structural and phase stability: studies of the structure of the TiCrN coating with 
thickness 50 nm-100 nm on a carbon steel by X-ray diffractometry before irradiation by 
xenon and krypton ions showed that only X-ray reflexes from carbon steel are observed 
on the diffractogramme and they are similar to the ones shown in Figures 3a and b. At 
the same time, the RBS method showed that the coating contains Ti and Cr in 
approximately equal amounts (Table 2). 

Studies of the coating structures after irradiation by 84Kr+14 and 132Xe 20+ with energy 
1.5 MeV/nucleon to a fluence of 5×1014-1×1015 ion.cm-2 by X-ray diffractometry showed 
that no significant changes in the structure of the coating and the substrate. Only the 
reflections of BCC lattice of steel with the slight broadening of the diffraction peaks there 
are in the diffractogrammes. In Figure 9 is shown the diffraction pattern TiCrN coating on 
steel irradiated by 132Xe 20+ ions to a fluence of 1×1015 ions cm-2. 

Comparison of diffraction pattern of unirradiated (Figure 3 a) and of irradiated (see 
Figure 9) the TiCrN coatings on steel shows that the structure changes are insignificant. 
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Figure 9: Diffractogramme of TiCrN coating on steel irradiated 
by 132Xe 20 ions with energy 1.5 MeV/nucleon to a fluence of 1××××1015 cm-2 

 
RBS researches also revealed no changes in the structure of coatings after irradiation 

by 84Kr+14 and 132Xe20 with an energy of 1.5 MeV/nucleon. This is due to the fact that the 
projective range of krypton and xenon ions with energies ~ 125 MeV and ~ 200 MeV, 
respectively, exceeds almost twice the range of the 1 MeV protons at the analysis of the 
structure by the RBS method. 

Effect of irradiation with high-energy kripton ions and subsequent annealing on the 
surface morphology of the TiCrN coating: the influence of irradiation with high-energy 
ions of krypton and xenon revealed in changes of the surface structure of TiCrN coating. 
The structure of the surface before irradiation and after irradiation was investigated by 
AFM and SEM. 

AFM images of the surface structure of both unirradiated and irradiated by krypton 
ions samples are shown in Figure 10. As seen in Figure 10a, the surface roughness before 
irradiation does not exceed 35 nm 

Figure 10: The surface structure of the TiCrN coating on steel 

 
 

a) before irradiation by krypton ions b) after irradiation by krypton ions 

As seen from a comparison of Figures 10a and 10b, the surface structure of the 
coating before irradiation and after irradiation by krypton is considerably different. It is 
seen that after irradiation on the background of relatively smooth coating surface 
(roughness ~ 10-15 nm) the convexities of spherical shape were observed, height of which 
~ 50-60 nm and the diameter of the order of tens of nanometers (they displayed by red 
circles in Figure 10b). These convexities appeared to be traces on the surface from 
bombarding particles, i.e. ion tracks. 
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Results of SEM study of coatings surface are presented in Figure 11, showing the 
structure before (Figure 11a) and after irradiation (Figures 11b and c). 

Figure 11: SEM photographs of the surface of TiCrN coating on steel 
a - before irradiation, magnification × 70 000; 

b, c - after the krypton irradiation, magnification ×40 000 and ×200 000, respectively 

 
 a b c 

Comparison of the surface structure in Figures 11a,b and c shows appearance of 
convexities on the irradiated surface of coating – traces of incident krypton ions moved 
through coating. This result entirely confirms those obtained with AFM studies. The 
diameter observed on the surface convexities reaches from 13 nm up to 26 nm. Surface 
density of convexities correlates with the fluence of bombarding ions and supports the 
assumption that the convexity is ion tracks. 

Samples with coatings irradiated by krypton ions were subjected to successive two-
hour vacuum annealing at temperature of 400 ± 5ºC, 500 ± 5ºC and 600 ± 5ºC. SEM images 
of irradiated coating surface after annealing are presented in Figure 12. 

Figure 12: SEM photographs of the surface of TiCrN coating 
on steel after post irradiating successive two-hours isochronal annealing: 
a) after the krypton irradiation, before annealing, magnification ×200 000; 

b) after two-hours annealing at 400 ± 5ºС, magnification ×200 000; 
c) after next two-hours annealing at 500 ± 5ºС, magnification ×170 000 

 
 a) b) c) 

From Figure 12a, visible evolution of the surface structure, namely, the reduction of 
the size of convexities formed under irradiation. Annealing at 400°C leads to reduction of 
the convexities size and the next annealing at 500°C leads to disappearance. In addition, 
the coating delaminating or opening of the convexities on the surface was not observed 
after irradiation or after post irradiating annealing in the temperature range 400°C-600°C. 

Effect of irradiation with high-energy xenon ions and subsequent annealing on the 
surface morphology of the TiCrN coating: studies of surface structure, similar to those 
which were conducted on samples coated with TiCrN irradiated by high-energy krypton 
ions, were performed on samples irradiated by 200 MeV xenon ions. Results of surface 
structure studies by AFM are shown in Figure 13. 
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Figure13: AFM images of the TiCrN coating surface before and after irradiation 
with high-energy xenon ions 

a -  before irradiation; b, c -  after irradiation by 132Xe20 + with an energy of 1.5 MeV / nucleon, 
with different resolution 

From comparison of the AFM images of the coating surface relief before and after 
irradiation by high energy xenon ions (Figures 13a, b and c), it can be seen that the 
surface roughness increased significantly – from 40 nm for non-irradiated to 170 nm for 
irradiated. Besides the surface, convexities or globules appeared at the surface 
(Figures 13b and c), where the density correlates with the fluence of xenon ions. An 
image at higher magnification (Figure 12c), allows us to estimate the diameter of the 
globules, order of which is ~ 100-400 nm. 

SEM studies results shows that the structure of the TiCrN coating surface irradiated 
by high energy xenon ions has changed to a greater degree than after irradiation by high-
energy krypton ions. Figure 14 shows the SEM images of the coating surface before 
irradiation and after irradiation by xenon ions performed at different magnification. 

Figure 14 Structure of the TiCrN coating surface on carbon steel: a - before irradiation, 
b, c - after irradiation by 132Xe 20+ with energy of 1 MeV/nucleon 

to the fluence of 1×1015 ion•cm-2, magnification ×27,00 and ×14,000, respectively 

   
a b C 

From comparison of surface images in Figures 14a, b and c, it is seen that the surface 
coating has significantly changed under irradiation by xenon ions. Globules with a 
dimension from tens to hundreds of nanometers are observed on the coating surface. As 
well as after irradiation by high-energy krypton ions, the appearance of the convexities 
(globules) on the surface after irradiation by high-energy xenon ions can be explained by 
“swelling” of the surface due to the energy release at passage of bombarding xenon ions 
through material. SEM study is in agreement with the results of coating surface study by 
AFM. 

Unlike krypton ion irradiation after irradiation by xenon the globules size is much 
larger and an overlapping is observed of tracks from near incident ions. Overlapping of 
tracks can be explained by two factors: a larger diameter of tracks on the surface, which 
is a consequence of the difference in the energy of the incident xenon ions (~ 200 MeV) 

    
a b c 
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and krypton (~125 MeV) and higher energy loss during passing of xenon ions through 
material. The second reason is the twice higher fluence of xenon ions and, 
correspondingly, higher density of tracks on surface. 

Samples irradiated by xenon ions were subjected by successive two-hour vacuum 
annealing at temperatures of 400 ± 5°C, 500 ± 5°C and 600 ± 5°C. SEM images of irradiated 
coating surface after annealing are presented in Figure 15. 

From the comparison of the surface images in Figure 15a, b, c and fig.15d, f, g, the 
dependence of globule ensemble evolution from temperature of successive annealing is 
noted. The surface structure, i.e. structure of the globules formed under irradiation is 
transformed in the process of successive annealing. If after two hours annealing at 
temperature of 400°C structure did not change much then after annealing at 500°C and 
especially after annealing at 600°C the structure of globules changes significantly. 

Figure 15: The surface structure of the TiCrN coating on steel after irradiation by 132Xe 20+ 

with an energy of 1.5 MeV/nucleon to a fluence of 1××××1015 ions/cm2 and subsequent 
isochronous two hours annealing 

a – after irradiation by xenon ions, magnification ×14 000 
b c – after annealing at temperature of 400°°°°C, magnification ×10 000 and ×35 000, respectively 
d,e,f – after annealing at temperature of 500°°°°C, magnification ×10 000, ×35 000 and ×100 000, 

respectively 

   
a b c 

   
d e f 

The process of formation and evolution of the globules occurs as follows: globules 
with dimensions from 100 nm to 400 nm are observed on coating surface immediately 
after irradiation. Their fine structure is clearly visible in Figure 15b. Globules may have 
different shapes – spherical or elongated. Globules of spherical type, seem to have formed 
on the place of incident of the single xenon ions. Globules of more complicated shape, 
have probably formed in those areas of the surface where overlap heat affected zones at 
braking of the incident xenon ions. In favour of that globules on the surface are tracks 
from the incident ions indicate the correlation between the surface density of globules 
and fluence of bombarding xenon ions. The two-hour annealing at 400°C leads to a 
clearer separation of the globules, but their size only slightly changes. After subsequent 
annealing at 500 and 600°C, the transformation of the globules looks more – globule 
diameter on the surface decreases and the overlapping traces of nearby incident ions of 
xenon becomes separated. 
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In our opinion, the observed pattern of formation and transformation of the globule 
ensemble in case of irradiation by krypton and xenon ions confirms the proposed 
mechanism of surface radiation damages at bombardment by heavy ions and its 
evolution during subsequent annealing. Under bombardment by xenon ions on the 
surface of TiCrN coating globules are formed which are the tracks from passing krypton 
and xenon ions. They are formed due to structural changes at energy release along the 
trajectory of ion braking. In fact, these structures are latent tracks along which the 
structural changes occurred due to local release of energy and globules on the surface – 
their manifestation. Formation of more complex shapes of globules is explains by 
overlapping tracks of the incident ions. Thermal annealing leads to structure recovery, i.e. 
to reducing the size of separate globules on the surface. Globules of more complex shape 
also transformed – structure recovery during annealing leads to separation of tracks and 
to decreasing of their size [12]. 

3. Conclusion 

Studies of the effect of irradiation by low-energy alpha particles with an energy 
E = 40 keV to a fluence of F = 1018 cm-2, high-energy ions 84Kr and 132Xe with energy 
E = 1.5 MeV / nucleon to fluences F = 1014÷1015 cm-2 on steel with TiCrN coatings of 
thicknesses (50÷300 nm) showed: 

• Irradiation by low energy (20-40 keV) alpha particles leads to the following effects. 
For TiCrN coating of thickness 50-300 nm, the projective range of 40 keV alpha–
particles exceeds thickness of coating and they stop in the substrate, for 20 keV 
alpha–particles the projective range is in interface substrate – coating region. 
Implanting of helium generates nucleation of gas bubbles in substrate and the small 
globules visible on the surface represent indications of gas bubbles nucleated in the 
substrate. Such indications are connected with surface areas where there are 
structural inhomogeneities, such as grooves or dimples. TiCrN coating having high 
mechanical properties suppress blistering and flaking compared to stainless steel. 
Thicker coating seems to be able to suppress gas swelling in much more degree. 

• Irradiation by high-energy (1.5 MeV/nucleon) Kr and Xe ions leads to the following 
effects. Globules appear on the surface of coating, surface density of which 
correlates with ion fluence. In the case of Kr ions irradiation, spherical globules 
from 10 to 30 nm were generated. In case of Xe ions irradiation, globules of 
spherical and elongated shape from 10 up to hundreds nanometers were formed. 
A probable explanation surface damage is that, unlike irradiation with alpha-
particles in which the globules on the surface are the indications of subsurface gas 
bubbles, after irradiation with heavy ions Kr and Xe the globules on the surface 
indicates the passage of single heavy ions but not gas bubbles. Globules on the 
surface are traces from passing ions resulting in structural transformation at 
energy release along trajectory of ions braking. Globules of elongated shape 
represent overlapping traces from two near passing ions. As the projective range of 
both Xe and Kr ions significantly exceed coating thickness, the structure of 
damages is generated in substrate and the globules are an indication of 
undersurface damages. At alpha-particle bombardment the energy release from 
single helium ion is negligibly small compared to the energy release from single 
heavy ion and transformation of the structure does not occur, but due to small 
migration energy, low solubility and high density in straggling region helium 
atoms are collected into gas bubbles. After a subsequent two hours vacuum 
annealing, the globules dimensions on the surface decreased. Overlapping globules 
observed in case of Xe ions bombardment became separated and confirmed that 
elongated globules are the overlapping traces from two near passing ions. Surface 
flaking or coating delamination was not observed after irradiation at the above 
mentioned fluences of irradiation and at subsequent annealing. 
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The common conclusions that can be drawn from these studies are that: TiCrN 
coatings of nanometer thickness are able to considerably reduce surface swelling and 
coating delamination at irradiation by low energy alpha-particles up to a fluence 1018 cm-2. 
At irradiation by high energy heavy ions of inert gas, surface swelling takes place but 
delamination of coating does not occur. 
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