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Abstract – A number of researches of phase and 
element structure of nanocrystalline multicompo-
nent coatings based on TiN with the use of syn-
chrotron radiation were carried out. It is shown, 
that research methods on a basis of synchrotron 
radiations are perspective for investigation of ma-
terials with nanocrystalline structure. 

1. Introduction 

One of priority directions of a modern science about 
nanomaterials is a development of technologies of 
formation on a surface multiphase nanocrystalline and 
amorphous layers and coatings with the characteristic 
size of grain less than 100 nm. That is the purpose of 
new properties and functionality of treated materials. 
Thus the most effective are plasma and beams techno- 
logies. For these technologies wide use methods are: 

– electron-beam treatment of solid state surface;  
– electron-ion-plasma saturation of a surface by in-

terstitial atoms;  
– ion-plasma deposition of coatings of various ele-

ment and phase structure. 
For development of the equipment and technolo-

gies based on above methods the knowledge of 
mechanisms and characteristics of the physical and 
chemical processes proceeding in a surface layer of 
solid state and into formed coatings at electron-beam 
and plasma influences is necessary. For this aims it is 
essential to carry out the researches of: 

– the processes proceeding in a surface layer of so- 
lid state in the conditions of ultrahigh speeds heating 
and cooling of surface layer (~ 106 K/s): melting, crys-
tallization, formation of a crystal lattice, atoms redis-
tribution of alloying elements, static and dynamic stress; 

– the processes proceeding at an initial stage of at-
oms implantation – atoms distribution of an implanta-
tion in a crystal lattice of substrate; reorganization of a 
crystal lattice of a substrate; initial stages allocation of 
the second phase; 

the processes proceeding at an initial stage of syn-
thesis and formation of a coating, i.e. mechanisms of 
the synthesis and the formation; taking into account of 
processes features such as the small sizes of crystal-
lites, small volumes of reacting components, etc.  

The complex approach, i.e. the use of various 
methods of characteristics measurement of above 

processes is necessary for the decision of the prob-
lems. The general is the establishment of element 
structure and the structural phase features characteriz-
ing a state of surface nanocrystalline and amorphous 
layers and coatings during their formation. For the 
decision of such problems the application of tradi-
tional X-ray methods is problematic because of speci-
ficity of beams dispersion on nanosize objects. The 
local crystal structure of nanomaterials can differ from 
averaged though in many cases that defines important 
physical and chemical properties such as strength, 
hardness, thermal stability, chemical activity, etc. 
Therefore along with application of traditional high-
resolution X-ray methods the attraction of methods 
based on research of X-ray absorption fine structure 
spectroscopy (XAFS) and methods of small-angle x-
ray scattering (SAXS) is necessary. 

All specified techniques demand for the realization 
of the high angular and energy resolution in wide area 
of a spectrum, but now that can be provided only on 
sources of synchrotron radiations (SR).  

In the present work such complex approach is real-
ized at investigation of structure and properties 
nanocrystalline superhard coatings on the basis of 
titanium nitride with admixture of copper, silicon, 
aluminium, obtained by the vacuum arc plasma-
assisted method. 

In this paper study on the structure, phase compo-
sition, and element composition of Ti–Cu–N,  
Ti–Si–N, and Ti–Al–N coatings deposited by vacuum-
arc method are presented. The purpose of the study 
was to elucidate the effect of the doping elements on 
the features of the formation of nanocrystalline struc-
ture, on the basic phase crystallite size, and on the 
properties of the coatings. 

2. The test material and the experimental  
procedure 

The experimental works of coating deposition were 
carried out on specialized setup [1] for coating deposi-
tion equipped with a standard arc evaporator and an 
original gas-plasma generator PINK [2]. 

The substrate samples were made of beryllium foil 
of thickness 0.5 mm, WC–8%Co hard alloy, and  
AISI 304 steel. These were used for X-ray diffraction 
analysis, mechanical and TEM investigation, corre-
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spondingly. The samples were mechanical grinded, 
polished, and washed in an ultrasonic bath. Directly 
before coating deposition the substrate surface was 
previously cleaned, activated and heated by argon ions 
at bias about Ub ~ –1 kV. That bombardment of high-
energy ions not only cleans the surface from oxide 
films and adsorbed gases but assists the increase of 
adherence of coating with substrates. 

The deposition of multicomponent coatings were 
carried out by evaporating Ti–12 at.%Cu, Ti–10 at.%Si, 
and Ti–40 at.%Al cathodes in a nitrogen medium. The 
coatings obtained were compared with conventional 
TiN coatings. Deposition of all multicomponent  
coatings was carried out in the following parameter 
ranges: Ub = –(100–300) V, р = 0.3–0.4 Pa,  
Id = 50–100 A, and Т = 300–400 °C. The coating 
thickness was 3–5 μm at a coating growth rate of  
1–3 μm/h. 

At present work the investigations methods were 
optical microscopy (OLYMPUS GX71), transmission 
(EM-125) and scanning electron microscopy (Philips 
SEM 515 equipped with EDAX ECON IV, an element 
composition microanalyzer), micro- and nanoindenta-
tion (PMT-3, NHT-S-AX-000X Nano Hardness 
Tester), scratch testing (MST-S-AX-000 Micro-
Scratch Tester), and the Calotest method. The phase 
and element composition was investigated on powder 
diffraction stations, on the synchrotron radiation (SR) 
channels of the VEPP-3 (RFA-SR, PRD SR) energy 
store and of the ANKA (XRPD) SR source. 

3. Results and discussion 
The main mechanical properties and structure parame-
ters of obtained coatings are presented in the Table. 
Measurements of the micro- and nanohardness have 
shown that the coatings obtained with the use of  
Ti–12 at.%Cu and Ti–10 at.%Si cathodes possess su-
perhardness. By analysis of the loading-unloading 
curves it was shown that the greatest residual strain 
was observed for a titanium nitride coating (see the 
Table) and the least for Ti–Si–N coatings. The degree 
of elastic recovery of the surface shape for the coat-
ings formed by evaporating powder cathodes was  
2–3 times greater than that for the TiN coatings. The 
Young modulus of the multicomponent coatings was 
in the range 400–550 GPa.  

For TiN and Ti–Al–N coatings, critical load 
(scratch-test) has about the same value, whereas the 
destruction of Ti–Cu–N and Ti–Si–N coatings begins 

at a critical load 2 times greater than that for TiN coat-
ings. 

The qualitative and quantitative elemental analysis 
of coatings was performed by the methods of energy-
dispersion analysis (1), Auger spectroscopy (2), and 
secondary-ion mass spectrometry (3). No one of these 
methods gave reliable values of the doping element 
content in the coatings. For the Ti–Cu–N coating a 
copper content of ~ 2 at.% was revealed by method 
(1); no copper was detected by method (2) (method 
sensitivity is 0.5%), and when method (3) was used, 
identification of copper was impeded because of the 
superposition of the peaks of copper and titanium 
compounds. 

The investigations performed by the above meth-
ods gave insufficient information to construct a model 
of the processes responsible for the variations of the 
coating properties and to answer the major questions 
of which is the role of the impurity atoms in the for-
mation of the nanocrystalline structure of synthesized 
coatings, where they are localized, and whether they 
form their own crystallographic phase. 

By TEM microscopy of thin foils it has been revealed 
that the obtained multicomponent coatings consist of 
nanosized crystallites oriented chaotically relative to each 
other. This follows from the strongly pronounced ring 
structure of the electron diffraction patterns (Figs. 1, b, 2, 
b). Electron diffraction analysis has shown that the crys-
tallites of the coatings consist of δ-TiN. The measure-
ments of size of crystallites were carried out on dark-light 
images; the average size of crystallite was estimated by 
the methods of statistical analysis [5]. The average crys-
tallite sizes for the test coatings are given in Table. For 
the coatings doped with aluminum and silicon, the aver-
age crystallite size is 5–7 nm; the size of crystallites in 
the coatings containing copper is equal to 10–30 nm. 
  To obtain data necessary for the construction of a 
model of the synthesis of hardening layers based on 
titanium nitride with additional elements, investiga-
tions of their crystalline structure and element compo-
sition have been carried out on the stations of the store 
powder diffraction and X-ray fluorescent element 
analysis (VEPP-3) [3] and of the ANKA [4] synchro-
tron radiation source. 

Figure 3 presents diffraction patterns of ТiN coat-
ings doped with Si, Cu, and Al on a beryllium sub-
strate of thickness 0.5 mm. The beryllium substrate 
shows up in all diffraction patterns in the form of very 
narrow strongly pronounced reflections. The reflections   
 

 
Characteristics of coatings produced by the vacuum-arc method with evaporation of cathodes of various composition (n is the 
concentration of the doping element in a coating, d is the diameter of crystallites, HV is the hardness, Е is the Young 
modulus, ε is the residual strain, and Lc is the critical load in the scratch test) 

Cathode  
composition 

n, at. % 
EDX 

n, at. % 
RFA-SR 

d1, nm 
TEM 

d2, nm 
XRPD 

HV, GPa Е, GPa ε, % Lc, N 

Ti – – ~ 100 – ~ 25 ~ 350 ~ 75 3.6 
Ti–12 at.%Cu ~ 2 12 ~ 10–30 19.6 ~ 40 ~ 550 ~ 50 6.0 
Ti–10 at.%Si – – ~ 7 9 ~ 50 ~ 400 ~ 20 5.8 
Ti–40 at.%Al ~ 20 – ~ 5–6 15 ~ 35 ~ 500 ~ 35 3.1 
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Fig. 1. Electron-microscopic image of the structure of a coating synthesized by evaporating a Ti–10 at.%Si cathode: dark 
field in the reflection of a type {111} ring of TiN (a), electron diffraction pattern (b), and crystallite size distribution (c);  
  d = 7.0 ± 3 nm 
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Fig. 2. Image of the structure of a Ti–Al–N coating formed by evaporating Ti–40 at.%Al composite cathode in an argon–
nitrogen mixture:  electron  diffraction  pattern  (a);  light-field  image  (b); and TiN crystallite size distribution in the coating (c) 

from the synthesized coating structure are wider ow-
ing to their nanocrystalline structure. As well known 
for powder diffraction [6], the physical widening of 
reflections, β, can be used to estimate the crystallite 
size in the direction perpendicular to the reflecting 
plane with indices hkl: 
 Dhkl = nλ/βCos, (1), 
where D is the size of coherent-scattering region in 
angstroms, λ is the radiation wavelength, θ is the scat-
tering angle, β is the physical line widening in the 
diffraction pattern in radians (on the 2θ scale), and n is 
the coefficient depending on the particle shape and 
close to unity. 

Results of calculations by formula (1), where β 
was computed by means of the Origin code with the 
reflection lines approximated by the Gauss method, 
are given in the Table. They are in agreement with the 
crystallite sizes measured by transmission electron 
microscopy methods. 

The diffraction patterns of the layers of titanium 
nitride and of titanium nitride doped with copper are 
identical [see the article Yu.F. Ivanov et al. “Admix-
ture influence on structure and properties of titanium 
nitride coatings” in the Proceeding]. The location of 
reflections testifies to the presence of TiN, TiN0.3, and 
Ti phases in the coatings. Shifts of reflections are not  
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Fig. 3. Diffraction patterns of ТiN coatings (1) doped with 
Si (2), Cu (3), and Al (4) obtained for the photon energy 
  equal to 10.5 keV 

observed in the diffraction patterns obtained for 
specimens doped with copper. These data allow the 
conclusion that copper atoms do not form compounds 
with titanium or nitrogen and, equally, do not form 
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their own crystalline phase. As the data of X-ray fluo-
rescent analysis presented in Fig. 4 confirm the pres-
ence of copper in the test coating in amounts corre-
sponding to its content in the composite cathode 
evaporated in an arc discharge (Ti–12 at.%Cu), it can 
be concluded that copper is in the amorphous state at 
the crystallite boundaries. The time it takes for copper 
atoms to form a closed sheath around a growing TiN 
crystallite determines the time of growth of the crys-
tallite and, hence, its size. Similar conclusions can be 
made for titanium nitride coatings doped with silicon. 

In the diffraction patterns of the synthesized layers 
of titanium nitride doped with aluminum, alongside 
with widening of the reflections, their substantial shift 
toward the smaller interplanar spacings in the crystal-
lite cell is observed. This suggests that in this case, the 
formation of the AlN phase is possible and Ti atoms in 
the lattice cell can be replaced by Al atoms. 

4. Conclusion 
The use of synchrotron radiation possibilities for dif-
fraction investigation of functional coating structure 
deposited by means of plasma and beam technologies 
allows solving following problems effectively: 

– to reveal the places of the second (additional) 
elements localization, e.g. atoms of admixture in 
nanocrystalline coatings on the basis of TiN, atoms of 
nitrogen in a steel, atoms of carbon in copper parti-
cles; 

– to define a sign and size of distortions of a crys-
tal lattice of the basic phase by the second elements;  

– to establish the formation possibility of self-
sublattice by the second elements; to reveal the effects 
of the second elements ordering; 

– to find out the presence of the phases formed by 
the second elements, to define the type of a crystal 
lattice, morphology and the particles sizes. 

References 

[1] P.M. Schanin, N.N. Koval, I.V. Lopatin, I.M. Gon- 
charenko, S.V. Grigoriev et al., “Vacuum ion-
plasma installation DUET”, in Proc. of 6th Inter-
national Conf. on Modification of Materials with 
Particle Beams and Plasma Flows, 2002, pp. 112–
116. 

[2] L.G. Vintizenko, S.V. Grigoriev, N.N. Koval, 
V.S. Tolkachev, I.V. Lopatin, and P.M. Schanin, 
“Hollow-cathode low-pressure arc discharges and 
their application in plasma generators and 
charged particle sources”, Russian Physics Jour-
nal 44, 9, 927 (2001). 

[3] B.P. Tolochko, D.I. Kochubey, A.N. Shmakov, 
K.A. Ten, M.R. Sharafutdinov, and S.B. Erenburg. 
“Synchrotron radiation – powerful instrument for 
research of Nanomaterials”, in Proc. of the 5th In-
ternational specialized exhibition “Labora-
toryExpo'07”, 2007, pp. 92–99. 

[4] ANKA – Instrumentation Book, ISS Institute for 
Synchrotron Radiation, Forschungzentrum 
Karlsruhe GmbH, member of the Helmholtz Asso-
ciation, 2008, pp. 52–54. 

[5] Tomas Gareth and Michael J. Goringe, Transmis-
sion electron microscopy of materials, New York-
Chichester-Brisbane-Toronto, John Wiley Sons, 
1979, 320 p. 

[6] G. Lipson and G. Stiple, Interpretation of Powder 
Patterns, Moscow, 1972 [Russian translation]. 


