
JOURNAL OF NANO- AND ELECTRONIC PHYSICS -  
Vol. 8 No 2, 02024(5pp) (2016)  8  2, 02024(5cc) (2016) 

 

 
2077-6772/2016/8(2)02024(5) 02024-1  2016 Sumy State University 

Structural Engineering of Vacuum-plasma Interstitial Phase Coatings 
 

O.V. Sobol' 
 

National Technical University “Kharkiv Polytechnic Institute”, 21, Frunze St., 61002 Kharkiv, Ukraine 
 

(Received 24 March 2016; revised manuscript received 13 June 2016; published online 21 June 2016) 
 

The analysis of possible structural states defined by nonequilibrium processes in vacuum-plasma methods 
for obtaining interstitial phase coatings has been carried out in the work. It is shown that nonequilibrium 
deposition conditions from ion-plasma fluxes significantly expand the range of possible structural states of 
the formed material: from amorphous like to highly ordered crystalline. A high thermalization rate determi-
nes the formation of phases with a cubic crystal lattice (in most cases of NaCl structural type). The condi-
tions and mechanisms of the transition from a metastable state with a cubic lattice to the equilibrium state 
with a hexagonal crystal lattice are shown by examples of W-C and Ta-N systems with a hexagonal lattice type 
in the equilibrium state. The transition is performed by diffusion-shear transformation with the formation 
of stacking faults in the alternation of the most densely packed planes along the [111] axis. The formation 
of stacking faults is facilitated by a small shear region in nanocrystalline materials and the presence of va-
cancies, and the shear transformation itself (through the formation of stacking faults) is accompanied by a 
sharp relaxation of structural stresses. 

Based on the atomic mobility criterion, the mechanisms of structural transformations in vacuum-plasma 
coatings and the necessary physical and technological conditions for directed structural changes at the de-
position and high-temperature annealing stage are discussed. 
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1. INTRODUCTION 
 
A high thermalization rate of particle energy in va-

cuum-plasma methods for obtaining coatings predeter-
mines a wide range of the formed structural states inc-
luding nonequilibrium in phase composition, as well as 
amorphous-like and clustered in structural types [1-5]. 

The main criterion determining the type of the for-
med structural state is the mobility of the deposited par-
ticles [6, 7]. When the deposition rate is 1 monolayer/s 
that is typical for ion-plasma methods by the magnetron 
circuit and corresponds to the average flux density of 
3 1015 atoms/cm2 s, then in order to form a nucleus of a 
close-packed plane of crystallite orientation (111) consi-
sting of 3 atoms, the necessary atomic mobility should 
ensure the displacement over, at least, 2 interatomic dis-
tances that is about 0.45 nm. In this case, the surface 
diffusion coefficient of film-forming atoms should be not 
lower than 4 10 – 16 cm2/s that is typical for deposition of 
particles with the electron-volt energy at a substrate 
temperature of 300-400 C [7]. 

In order to form a nucleus of a more complex form, in 
particular, nuclei of 3D configurations that is necessary 
when the crystallites of low-symmetry lattices grow, the 
atomic mobility should be much higher that is achieved 
only with increasing substrate temperature in deposition 
higher than 800 C [8]. 

A low homological temperature determines the form-
ation of highly porous condensates that stimulates the 
formation of tensile stresses. The achievement of the mo-
bility necessary for planar filling of the growing surface 
may not result in ordering with long-range crystalline 
order in the case of a large difference in the atomic radii 
of substitution elements (for example, Si is this alloying 
element for transition metals). The amorphization pro-
cess is stimulated in the case of the formation of inter-
stitial phases with such interstitial elements as B and O 
in the transition from a base metal of group IV to metals 

of group VI, and also in the case of the addition of metal-
lic components with low binding energy [9-16]. 

If at a relatively low deposition temperature the par-
ticle energy allows them to form the long-range crystal 
lattice for phases of the MeX type (Me is the transition 
metal, X is the interstitial element B, C, N, O), then the 
simplest lattice type, namely, the fcc-lattice of the NaCl 
structural type is mainly formed [9, 17, 18]. 

A high-entropy base of ordering into simple (of cubic 
system) crystal lattices is most clearly manifested for 
high-entropy alloys and coatings on their basis, where 
the inhomogeneity associated with a variety of atoms 
leads  in  most  cases  to  the  formation of  a  cubic  crystal  
lattice of the fcc type [19]. 

The aim of this work was to elucidate the mechanism 
of the crystal lattice transformation in nanocrystalline 
MeX condensates, for which the formed phase with the 
NaCl structural type is metastable in equilibrium con-
ditions corresponding to the deposition temperature. 

 
2. EXPERIMENTAL 

 
The carbide coating samples were fabricated by mag-

netron sputtering of the -WC target in an argon atmos-
phere at an operating pressure of 2 10 – 3 torr and a dis-
charge power of 30-300 W. At that, the film deposition 
rate was 0.12-1.8 nm/s that corresponded to the flux den-
sity of the deposited particles of the metallic component 
(tungsten) jW  1.2 1015-1.8 1016 cm – 2 s – 1. Al2O3 and Si 
plates of 180 m and 370 m thick, respectively, were 
used as substrates. Annealing of the samples was per-
formed in a specially designed vacuum installation at a 
residual pressure less than 10 – 5 torr. Heating was car-
ried out by halogen lamps to 600-1300 C temperatures 
followed by exposure for 1 hour at these temperatures. 

The nitride samples were produced by magnetron 
sputtering in SaNEL lab [20] in an Ar + N2 atmosphere 
(for different ratios) and a total pressure of 5 10 – 3 torr. 
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A bias potential (Us) of – 100, – 200 and – 300 V was 
applied at deposition. The deposition temperature was 
about 550 C. 

The study of the phase composition, lattice constants 
and substructural characteristics, as well as the stress 
state, was performed by X-ray diffractometry. The inves-
tigations were conducted in filtered u-k  radiation. 

The processing of the results obtained was carried 
out by both classical methods [21] and using the multi-
parameter cross-section technique [22]. 

The electron microscopic studies were performed on 
the electron microscope PEM-125K at a magnification of 
up to 450 000 at a voltage of 100 kV. 

 
3. RESULTS AND DISCUSSION 

 
As known [23, 24], an increase in the deposition tem-

perature transforms the coating material structure for-
med from vacuum-plasma fluxes into a more equilibrium 
state. For most interstitial phases, 900-1000 C is such a 
temperature, at which the state of the formed structure 
can be considered close to equilibrium [1, 7]. Moreover, 
ordering in the displacement cascades under high-energy 
impact can result from the metastable to a more equili-
brium state [2]. 

The W-C and Ta-N systems with the element content 
close to the equiatomic one have phases with non-cubic 
crystal lattices in the temperature range of 20-300 C in 
the equilibrium state, and therefore phases with a cubic 
lattice formed in non-equilibrium conditions are meta-
stable that makes it possible by their example to study 
in detail the transition conditions and mechanisms from 
the metastable to the equilibrium state. 

-WC metastable phase with a cubic crystal lattice of 
the NaCl structural type is formed in the W-C system 
at a deposition temperature lower than 700 C [7]. 

The Auger electron elemental analysis showed that 
when the deposition rate  varied from 0.12 to  1.8  nm/s  
that corresponded to the total flux density of the depos-
ited particles jW  1.2 1015-1.8 1016 cm – 2 s – 1, then the 
C/W atomic ratio in the coating varies from close to 1.1 
to 0.8 (see Fig. 1). 

The X-ray diffraction studies of micron thick coatings 
showed that at flux densities of the deposited particles 
less than jW  8 1015 cm – 2 s – 1 they are single-phase (the 
-WC phase) (Fig. 2, spectra 1-2). With increasing flux 

density, there is a redistribution of the intensity of the 
diffraction curves from different planes in the direction 
of increasing relative intensity of the peaks from {100} 
planes and also the appearance at jW  9 1015 cm – 2 s – 1 
of the diffraction peaks from equilibrium -W2C phase 
with the hcp lattice, which is carbon depleted compared 
with the sputtered target (Fig. 2, spectra 3-4). 

If consider the ratio of the peak intensity of the ref-
lections from the (111) and (200) planes as a criterion of 
development of the preferred orientation of crystallites, 
then at low flux density of the deposited particles the 
ratio I(111)/I(200) is approximately equal to 1 (Fig. 3) that 
indicates the formed at low flux density of the deposited 
particles preferred orientation of crystallites with the 
axis [111] perpendicular to the growth face. It should be 
noted that the formation of such preferred orientation 
is observed at some excess of interstitial atoms in com-
parison with the stoichiometric composition (see Fig. 1). 
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Fig. 1 – Dependence of the carbon-to-tungsten atomic ratio in 
tungsten carbide condensates on the flux density of the depos-
ited particles 
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Fig. 2 – Regions of the diffraction spectra from tungsten car-
bide condensates obtained at different flux densities of the de-
posited particles jW: 1 – 1.2 1015 cm – 2 s – 1, 2 – 5.2 1015 cm – 2 s – 1,  
3 – 1.4 1016 cm – 2s – 1, 4 – 1.8 1016 cm – 2s – 1 
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Fig. 3 – Dependence of the relative change in the intensity of 
(111) and (200) line of the -WC phase 

 
At jW  9 1015 cm – 2 s – 1, the appearance of preferred 

orientation with the [100] axis leads to a sharp drop in 
the ratio I(111)/I(200). 

In order to estimate the concentrations of the -W2C 
and -WC phases in the films, the calculation method [7] 
by the following formulas was applied: 
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Due to the presence of a texture in the -WC phase, 
the pole density factor Pnhkl was introduced in the formu-
la. Since only one line is detected for the -W2C phase, 
it is assigned a pole density of 1. Because of the proxi-
mity of the rocking curve width of the compared diffrac-
tion lines, the texture coefficient was not introduced. The 
estimation of the concentrations was carried out by two 
pairs of lines (111)- -WC, (101) -W2C and (200)- -WC, 
(101) -W2C for the modes jW  1.4 1016 cm – 2 s – 1 and 
jW  1.8 1016 cm – 2 s – 1 taking into account the fact that 
C  + C   1. As shown by the calculations performed for 
both pairs of lines for a lower flux density, the content 
of the -W2C phase is about 3 %. For the highest flux 
density (spectrum 4 in Fig. 2), the content of the -W2C 
phase increased to 27 %. 

Analysis of the spectra obtained in Fig. 2 shows that 
with increasing jW, the -WC  -W2C transformation 
occurs through the displacement of the (111) and (200) 
peaks of the -WC toward each other (arrows in Fig. 2) 
that is typical for the formation in the alternating planes 
along the [111] direction of a stacking fault of the subt-
raction type (see Fig. 4). 

The manifestation of stacking faults is also evident 
in high-resolution electron microscopic images (circles in 
Fig. 5). 

In order to elucidate the mechanism of this transfor-
mation accompanied by the formation of stacking faults, 
high-temperature vacuum annealing was performed and 
showed that a noticeable change in the diffraction peak 
profiles from the lattice planes of the -WC occurs at an 
annealing temperature higher than 700 C, when accor-
ding to the data of [25] the diffusion coefficient of carbon 
atoms D   WC is  approximately  10 – 14 cm2/s, and the 
diffusion coefficient of tungsten atoms DW  WC is close 
to 10 – 19 cm2/s. 

Therefore, a detailed study of the structural changes 
was conducted in the temperature range of hourly anne-
aling of 750-800 C. As seen from the diffraction spectra 
illustrated in Fig. 6, an almost complete transformation 
-WC  -W2C, which is accompanied by a shift of the 

diffraction peaks associated with the formation of stack-
ing faults (an arrow in Fig. 6), occurs as a result of the 
annealing. 

The magnitude of the volumetric change occurring 
at -WC  -W2C (fcc-hcp) shear transformation can be 
estimated by the change in the interplanar distance us-
ing the relation [26] 
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V/V  – 4.8 % for the carbide composition -WC0.8 

determined in the work at jW  1.8 1016 cm –2s – 1. 
Ta2N phase with a hexagonal lattice (PDF 26-0985) 

is the equilibrium phase in the Ta-N system at a tem-
perature of 20-300  in the nitrogen content range of 
35-50 wt. %. Tantalum nitride, as well as in the case of 
-WC phase, has a metastable cubic modification TaN 

of the NaCl structural type with the lattice constant of 
0.433 nm (PDF 32-1283). 

 
 

Fig. 4 – The scheme for the formation of stacking faults of the 
subtraction type when the most densely packed planes in the 
fcc lattice (111) are mixed 

 

 
 

Fig. 5 – The electron microscopic image of tungsten carbide 
obtained at jW  1.8 1016 cm – 2 s – 1 
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Fig. 6 – The regions of the diffraction spectra with the selected 
components of the diffraction profiles for the coating obtained 
at jW  1.8 1016 cm – 2s – 1 in the initial state (a) and after hourly 
annealing at 800 C (b) 

 
As seen from the X-ray diffraction spectra [20] shown 

in Fig. 7, an increase in the nitrogen component in the 
sputtering atmosphere leads to a transition from the he-
xagonal structure of the Ta2N phase with the preferred 
orientation (101) to the development of the texture (100) 
and a transition to the cubic crystal lattice of the TaN 
phase with the preferred orientation (111) with blurred 
peaks similar to that observed earlier in a transition in 
the W-C system (see Fig. 2 and Fig. 6). 

The wavelength scanning for coatings obtained at a 
constant concentration of N2 in the working atmosphere 
at a level of 5 vol. % when varying Us showed that with 
increasing Us that stimulates a decrease in the relative 
content of the light nitrogen component in the coating 
due to secondary sputtering processes [7], there is also 
a transition from a cubic to a close packed hexagonal 
structure (Fig. 8, spectra 1 and 2), which passes through 
the approach of reflexes that corresponds to the approach 
along the interplanar distances of the structures during 
the fcc  hcp transition. 
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Fig. 7 – Regions of the diffraction spectra of tantalum nitride 
coatings obtained in the Ar + N2 working atmosphere with the 
concentration of N2, vol. %: 1 – 2.5; 2 – 5; 3 – 7 (Us  – 200 V) 

 

 
 

Fig. 8 – Regions of the diffraction spectra of tantalum nitride 
coatings obtained in the working atmosphere with 5 vol. % of 
N2 at Us: 1 – 100 V, 2 – – 200 V 

 

 
 

Fig. 9 – Dependence of the compressive stress on the nitrogen 
percentage in the working atmosphere 

 

If consider the change in the macrostress state of the 
coatings, then its sharp drop (Fig. 9) is observed in the 
region of the structural phase transition (about 5 vol. % 
of N2) that is typical for coordinated shear relaxation [7]. 

It should be noted that the development of compres-
sive stresses in deposition is a consequence of the “ato-
mic peening” effect [27], the essence of which is in the 
implantation of high-energy film-forming particles in the 
near-surface region proceeding with increasing specific 
volume and the development of compressive stresses in 
the coating bonded to the substrate. 

Thus, the non-equilibrium conditions for the forma-
tion of material from ion-plasma fluxes predetermine the 
stabilization of simpler structural forms, which with inc-
reasing mobility of the deposited particles pass through 
the stages from an amorphous-like disordered state and 
cluster ordering to the long-range crystalline ordering. 
For the interstitial phases based on transition metals of 
IV-VI groups at a relatively low homological deposition 
temperature ( dep/ ann  0.05-0.15), that in practice cor-
responds to the substrate temperatures in the range of 
20-500 C, the formation of structures based on the fcc 
crystal lattice mainly occurs. In the case of the systems, 
for which more complex crystal lattice types are inher-
ent in the equilibrium state, the formed structures are 
metastable, subjected to rearrangement with increasing 
temperature and, correspondingly, atomic mobility. In the 
case of deposition, the required energy (0.1 eV or more) 
for most systems is achieved even at a deposition tem-
perature of 900 C [7]. For the formed coatings, a larger 
energy (more than 0.15 eV) is required for rearrangement, 
and the rearrangement occurs at temperatures higher 
than 1100 , when the diffusion coefficient of the base 
metal element reaches 10 – 15 cm2/s. 

A decrease in energy (and, thus, temperature) of the 
transition is facilitated by the presence of vacancies in 
the nonmetal sublattice that in the case of the systems 
considered in the work is accompanied by the appearance 
of preferred orientation of the crystallite growth with the 
[100] axis perpendicular to the growth plane. 

The fcc  hcp transition (occurring with a decrease 
in the specific volume) is accompanied by a sharp dec-
rease in the compressive macrostress state determined 
by the collective shear nature of this transition. 

Thus, in nanocrystallites of vacuum-plasma conden-
sates in the presence of vacancies in the nonmetal sub-
lattice, the transformations when ordering are similar to 
the bainitic: at first, diffusion of interstitial atoms (for car-
bides – of carbon atoms, for nitrides – of nitrogen atoms) 
occurs with their ordering allowing in the future by shif-
ting planes (by a martensite-like type) to pass through the 
transition to the equilibrium crystal structure. 

The displacement of atoms during the transformation 
by a martensite-like type occurs by cooperative directed 
shift of entire atomic planes for a short time at distanc-
es not exceeding the interatomic ones. Deformation with 
an invariant plane, which is the common plane of the 
interfaces, leads to the displacement of atoms along the 
direction of the displacement vector, and the magnitude 
of this displacement is proportional to the distance from 
the invariant plane. 

In the case of the interstitial phases with the fcc base 
of metal atoms and the interstitial elements located in 
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Fig. 10 – The scheme of the fcc  hcp rearrangement by shift 
along the (111) plane. The positions marked A, B, C correspond 
to the basic atomic positions in Fig. 4 

 
the octahedral interstitial sites along the [111] direction, 
there is an alternation of layers only of metal atoms and 
atoms of the interstitial elements; and the shift in the 
metal lattice is determining in such a structure. This 
process of rearrangement of the fcc lattice with the for-
mation of the (001) nucleus-basis along its shifted (111) 
plane for the hcp crystal lattice is schematically shown 
in Fig. 10. 

 
4. CONCLUSIONS 

 
1. Non-equilibrium deposition conditions from ion-pla-

sma fluxes significantly expand the spectrum of possible 
structural states of the formed material: from amorphous 
to highly ordered crystalline material. 

2. In the most commonly used temperature range of 
coating deposition of 20-500 C without additional stimu-
lation during the formation of interstitial phases based 
on transition metals, the atomic mobility is sufficient to 
form structures with a simple highly symmetric crystal 
lattice type (in most cases on the fcc metal base) and a 
high level of structural stresses. 

3. A high deposition temperature (700-900 C) trans-
forms the structure into a more equilibrium state, which 
is facilitated by the formation of vacancies in the sub-
system of the interstitial element. 

4. In the case of the equilibrium phase with a hexa-
gonal crystal lattice, the transition is performed by diffu-
sion-shear transformation with the formation of stacking 
faults in the alternation of the most close packed planes 
along the [111] axis. The formation of stacking faults is 
facilitated by a small shear region in nanocrystalline 
materials and the presence of vacancies, and the shear 
transformation itself (through the formation of stacking 
faults) is accompanied by a sharp relaxation of structu-
ral stresses. 

5. The type of transformation associated with the re-
arrangement of the crystal lattice is similar to the bai-
nitic one: at first, diffusion of interstitial atoms (for car-
bides – of carbon atoms, for nitrides – of nitrogen atoms) 
occurs with their ordering that allows in the future by 
shifting planes (by a martensite-like type) to perform the 
transition to the equilibrium crystal structure. 
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