
224                  Nanomaterials: Applications and Properties (NAP-2011). Vol. 1, Part I             
 
PHYSICAL, MECHANICAL PROPERTIES AND THERMAL 

ANNEALING OF HARD AND SUPERHARD Zr-Ti-Si-N 
COATINGS   

A.D.Pogrebnjak1*, M.A. Mahmood1,A.A. Demianenko1, V.S. Baidak1,  
V.M. Beresnev2, A.P. Shypylenko1, V.V.Grudnitskii2 

 

1. Sumy State University, Sumy Institute for Surface Modificatrion, St.R-Korsakov 2, 40007 Sumy, 
Ukraine  

2. Kharkov National University, Kharkov, Ukraine 
 

ABSTRACT 
Zr-Ti -Si-N coating had high thermal stability of phase composition and remained 

structure state under thermal annealing temperatures reached 1180oC in vacuum and 
830oC in air. Effect of isochronous annealing on phase composition, structure, and stress 
state of Zr-Ti-Si-N- ion-plasma deposited coatings (nanocomposite coatings) was re-
ported. Below 1000oC annealing temperature in vacuum, changing of phase composition 
is determined by appearing of siliconitride crystallites (B-Si3N4) with hexagonal crystal-
line lattice and by formation of ZrO2oxide crystallites. Formation of the latter did not 
result in decay of solid solution (ZrTi)N but increased in it a specific content of Ti-
component. 

Under 530oC annealing in vacuum or in air, nanocomposite coating hardness in-
creased. When Ti and Si concentration increased and three phases nc-ZrN, (Zr, Ti)N-nc, 
and -Si3N4 were formed, average hardness increased to 40,8 ± 4GPa. Annealing to 
500oC increased hardness and demonstrated lower spread in values H = 48 ± 6GPa and 
E = (456 ± 78)GPa. 
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INTRODUCTION 
Recently, nanocomposite coatings of new generation composed of at least 

two phases with nanocrystalline and/or amorphous structures are of great inter-
est. As is known, there are two groups of hard and superhard nanocomposites 
with nc-MeN/hard phase and nc-MeN/soft phase [3-5]. Moreover, bicrystalline 
phases and/or phases with different crystallographic grain orientations of the 
same material are distinguished in nanocrystalline and/or amorphous phases. 
Experimental data of a number of authors demonstrated that Zr-Si-N system 
was  composed  of  two  phases  ZrN  and  (Si,  Zr)N  [6].  It  is  possible  to  assume  
that Ti addition to this system, would allow one to obtain several phases: nc-
ZrN/a-Si3N4 and nc-TiSi2 with definite Si and N concentrations.  
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We should like to note works [6], in which the authors studied structure 
stability and mechanical properties of Ti-Zr-N films deposited by vacuum-arc 
source (Cathodic Arc Vapor Deposition – CAVD) under various plasma densi-
ties from metallic cathodes Ti and Zr. 

Also we should like to note theoretical works [3,4], which studied electron 
structure, stability, decohesion mechanism, shear of interfaces in superhard and 
heterostructures nc-TmN/ -Si3N4. 

Therefore, the purpose of this work was to study formation of superhard 
coatings on Zr-Ti- Si-N base and their properties including thermal stability. 

EXPERIMENTAL 
Coatings were fabricated using vacuum-arc deposition from unit-cast, Zr, 

Zr-Si, and Zr-Ti-Si targets. Films were deposited in nitrogen atmosphere. Dep-
osition was carried out using standard vacuum-arc and HF discharge methods. 
Bias potential was applied to substrate from HF generator, which produced 
impulses of convergent oscillations with  1MHz frequency, every impulse 
duration being 60µs, their repetition frequency – about 10kHz. Due to HF diode 
effect, value of negative autobias potential occurring in substrate increased 
from 2 to 3kV at the beginning of impulse (after start of discharger operation). 
Coatings of 2 to 3.5µm thickness were deposited to steel substrates (of 20 and 
30mm diameter and 3 to 5mm thickness).  

Annealing was performed in air medium, in a furnace SNOL 8.2/1100 
(Kharkov, Ukraine), under temperature T = 300oC, 500oC, and 800oC, and in a 
vacuum furnace SNVE-1.3, under 5 x 10-4Pa pressure, and T = 300oC, 500oC, 
800oC, and 1180oC. Studies of phase compositions and structures were per-
formed using X-ray diffraction devices DRON-3M, under filtered emission Cu-
K , using secondary beam of a graphite monochromator. Diffraction spectra 
were taken point-by-point, with a scanning step 2  = 0.05 to 0.1o.  

To study stressed states of the coatings, we applied X-ray strain and 
stresses measurements (“a – sin2 ” method) and its modifications, which were 
used to films with a strong texture of axial type. Element compositions were 
studied using X-ray fluorescent spectrometer SPRUT (AO UkrRoentgen, 
Ukraine) with a shoot-through tube employing a silver anode, and under excit-
ing voltage 40kV. Surface morphology, structure, and element compositions 
were analyzed using a scanning electron microscope (REMMA-103M, Quanta-
1000) with microanalysis (EDS- energy disperse X-ray spectroscopy). Addi-
tionally, to study element composition and stoichiometry, we used RBS under 
1.35MeV 4He+ ion energy, 170o scattering angle, and 16keV detector resolu-
tion. Studies of mechanical characteristics were realized with the help of 
nanoindentation under 10nN load of NANOINDENTOR II (MTS System Inc., 
USA) indentation device with diamond Berkovich pyramid [9]. 

RESULT AND DISCUSSION 
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Figure 1 shows energy spectra of ion backscattering measured for steel 
samples with deposited Zr-Ti-Si-N coatings. Since Zr and Ti concentration was 
high, these spectra could hardly help to determine Si and N background con-
centration. Measurements of Si and N concentration using eating away of the 
RBS  spectra  gave  higher  error  than  for  Zr  and  Ti.  But  still,  Si  concentration  
was not less than 7at.%, while that of N might reach more than 15at.%. 

Analyzing phase 
composition of Zr-Ti-
Si-N films, we found 
that a basic crystalline 
component of as-
deposition on state was 
solid solution (Zr, Ti)N 
based on cubic lattice 
of structured NaCl. We 
presents x-ray diffrac-
tion curves: a lattice 
period in non-stressed 
cross-section (a0), value 
of macrodeformation , 
microdeformation < >, 

and concentration of packing defects def.pack. The data were obtained both for 
samples after coating deposition and for those annealed in vacuum and air un-
der various temperatures. 

Crystallites of solid (Zr, Ti)N solution underwent compressing elastic 
macrostresses occurring in a “film-substrate” system. Compressing stresses, 
which were present in a plane of growing film, indicated development of com-
pressing deformation in a crystal lattice, which was identified by a shift of 
diffraction lines in the process of angular surveys (“sin2  – method”) and 
reached – 2.93% value. With E  400GPa characteristic elastic modulus and 
0.28 Poisson coefficient, deformation value corresponded to that occurring 
under action of compressing stresses c  -  8.5GPa.  We should  also  note  that  
such high stresses characterize nitride films, which were formed under deposi-
tion with high radiation factor, which provided high adhesion to base material 
and development of compression stresses in the film, which was stiffly bound 
to the base material due to “atomic peening”- effect. 

At substructure level, microdeformation was still high, and amounted 
1.4%. With a relatively small average crystallite size (L  15nm), development 
of such high microdeformation indicated significant contribution of crystallite 
deformed boundaries. 

Phase composition of ion-plasma films under temperature of vacuum an-
nealing lower than 1000oC remained practically unchanged, corresponding to 

 
Fig. 1 – Energy spectra of Rutherford ion backscattering 

(RBS) for top thin coating  Zr-Ti-Si- N 
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post as-deposition state. An average crystallite size of solid solution (Zr, Ti)N 
also remained practically unchanged. Under this temperature range (300-1000o), 
microdeformation at substructure level typically decreased from 1,4 to 0.8% , 
which indicated decreasing amount of lattice defects. 

Compressing macrodeformation partially relaxed when annealing temper-
ature increased within 25 to 1000oC range. Practically, it decreased by a factor 
of three, reaching a value   - 1.1% under Tan = 1000oC. We should note that  

 -1%,  which  was  close  to  that  obtained under  annealing,  was  reached in  the  
case of pure, ordered ZrN ion-plasma deposited coatings. A lattice period a0 
defined for non-stressed cross-section (under sin2

0 =0.43) decreased with 
decreasing annealing temperature. If one would relate such decreased period to 
ordering of titanium atoms with lower atomic radius, which were built-in into 
metallic sublattice instead of Zr atoms, then using Vegard’s rule, the decrease 
from 0.4552nm to 0.4512nm corresponded to 8.5at.% to 19.5at.%.increase of 
titanium atom content. 

Shift of diffraction lines to various directions corresponding to planes tak-
en at - 2  (according to Bregg-Brentano scheme) seems to be explained by 
packing defects, which are present in metallic fcc-sublattice. Concentration of 
packing defects may be evaluated by comparison of shifting (222) and non-
shifting (333) peak positions[10]. After condensation, average packing defect 
concentration in a lattice of (Zr, Ti)N solid solution was 5.7%. As a result of 
annealing, packing defect concentration increased and reached 15.5% under Tan 
= 800oC. 

Qualitative chang-
ing of phase composition 
was observed in films 
under vacuum annealing 
at Tan > 1000oC.  

Appearance of zir-
conium and titanium 
oxides was related to 
oxidation relaxation 
under coating surface 
interaction with oxygen 
atoms coming from 
residual vacuum atmos-
phere under annealing. 
Under annealing temper-
atures below 1000°C, 
coatings phase composi-

tion remained practically unchanged (Fig.2 ). One could note only changed 
width of diffraction lines and their shift to higher diffraction angles. The latter 

 
Fig.2 – XRD diffraction patterns for Zr-Ti-Si target in 

0.3Pa nitrogen atmosphere (vacuum-arc source with HF 
discharge): 1 - for initial (as-received) samples; 2 - for 
annealed at 500°C (30min in vacuum); 3 - for annealed  

at 800°C (30min in vacuum) 
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characterizes relaxation of compressing stresses in coatings. Changed diffrac-
tion lines were related to increased crystalline sizes (in general) and decreased 
micro-deformation. 

Figure 3 shows the film 
cross-section, which demon-
strates that in the course of depo-
sition, no cracks were found, that 
indicated good quality of the 
coating. These results indicated 
that amount of N is essentially 
high, and this allowed it to par-
ticipate in formation of nitrides 
with Zr , Ti, or (Zr, Ti)N solid 
solution. Si concentration was 
low, however, results reported 
by Veprek et al. [3, 4] indicated 
Si  concentration  as  high  as  6  to  
7at.%, which was enough to 

form siliconitride phases. 
Changes occurred under macrodeformation of crystallites of basic film 

phase – (Zr, Ti)N solid solution. Compressing deformation of crystallite lattices 
increased, which seemed to be related to additional new crystalline compo-
nents, which appeared in film material: oxides and siliconitrides. In the lattice 
itself, a period decreased corresponding to increased Ti concentration.  

Ordered atoms in metallic 
(Zr/Ti) sublattice of solid solu-
tion increased from 8.5 to 
21at.%. In this temperature 
range, crystallite size increased 
from 15 to 25nm, crystallite 
lattice microdeformation in-
creasing non-essentially up 0.5 
to 0.8%[10,11]. summarizes 
substructure characteristics of 
(Zr, Ti)N solid solution crystal-
lites. 

Figure 4, shows XRD-
diffraction patterns, and lower 

(b), a histogram of volume phases for nano-structured Zr-Si-N coating with 10 
to 12nm grain sizes for nc-ZxH phase (where nc is a nano-structured phase). 
These data demonstrate 17% volume fraction of quasi-amorphous -Si3N4 

 
Fig. 3 – Cross-section of hard coating Zr-Ti-Si-

N (high concentration of Si and N) 

 
Fig. 4 – A fragment of diffraction patterns for 

Zr-Si-N coating deposited by vacuum-arc meth-
od with HF stimulation (Fe-K  radiation) 
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phase, 54% of nano-composite nano-structured phases, and the rest was -Fe 
from samples substrates. 

When annealing temperature came close to 550°C to 600°C range[12], the 
process of spinodal segregation was over, i.e. all nano-grains were totally sur-
rounded by an interlayer of several -Si3N4 nano-layers (quasi-amorphous 
phase). 

In initial state, after 
deposition, those samples 
(second series), which 
phase composition in-
cluded three phases 
(Zr,Ti)N-nc, ZrN-nc, and 

-Si3N4), hardness was H 
= 40,6 ± 4GPa; E = 392 ± 
26GPa (Fig.5). 500oC 
annealing increased H 
and E and decreased 
spread in hardness val-
ues, for example, H = 48 
± 6GPa and E = (456 ± 
78GPa). 

In such a way, hardness, which was increased in the process of annealing, 
seems to be related to incomplete spinodal phase segregation at grain bounda-
ries resulting from deposition of Zr-Ti-Si-N-(nanocomposite). Annealing 
stimulated spinodal phase segregation [3,4], forming more stable modulated 
film structures with alternating in volume concentration of phase components 
(ZrN; (Zr,Ti)N; Si3N4). 

CONCLUSION 
In such a way, decreased concentration of active oxygen atoms coming 

from annealing atmosphere increased stability of film phase composition from 
500 to 1000oC. Changing crystalline phase composition was determined by 
crystallization of siliconitrides and formation of  – Si3N4 crystallites with 
hexagonal lattice, as well as low ZrO2 concentration formed in the film surface. 

The relaxation was accompanied by formation of deformation packing de-
fects in a metallic sublattice of (Zr, Ti)N solid solution. This can be revealed by 
X-ray scanning, which demonstrated shift and broadening of diffraction peaks. 
Highest content of packing defects indicated shift of most closely packed 
planes in a fcc-sublattice (111) with respect to each other [1,4,8,11] and became 
pronounced under vacuum annealing at Tan = 800 to 1100oC reaching 
15.5vol.%.   

 
Fig. 5 – Load on sample vs displacement into surface 
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When Ti and Si concentration increased (second series) and three phases 
nc-Zr-N, (Zr, Ti)N-nc, and -Si3N4 were formed, average hardness increased to 
40,8 ± 4GPa. After annealing (a dark dotted curve) at 500oC in vacuum, coating 
nanohardness reached H = 55.3GPa.  

In Zr-Ti-Si-N coatings, increased Ti concentration, formation of three 
phases- (Zr, Ti)N-nc-57vol.%, TiN-nc-35vol.%, and  – Si3N4  7.5 vol.%, as 
well as changes of grain size, which decreased to (6 to 8)nm in (Zr, Ti)N and 
(10  to  12)  in  TiN  in  comparison  with  first  series  resulted  in  increased  nano-
hardness and decreased difference in hardness values. Annealing in vacuum 
below 500oC finished the process of spinodal segregation at grain boundaries 
and interfaces. Annealing stimulated segregation processes and formed stable 
modulated coating structure [1,4,8]. 

The work was funded by the program “Nanosystems, Nanomaterials and 
Nanocoatings. New Principles in Nanomaterial Manufacturing by Ion, Plasma 
and Electron Beams” NAS of Ukraine. 
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