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Abstract – The dependence of changes in strength properti�
es of nanocomposite Ti�Si�B�N coatings with high content
of oxygen and carbon impurities on a fine structure was stu�
died using electron microscopy and measuring micro� and
nanohardness. A two�level grain structure is shown to form
under conditions of low temperature deposition (Т=200 °С).
The structure is characterized by fragmentation of
0.1–0.2 μm grains into 15–20 nm subgrains with pronoun�
ced texture. The coatings with the grain size <15 nm and
high amorphous component are produced as the content of
silicon increases. At deposition temperatures 400–450 °C, a
nanocomposite structure is observed whose grain size is
10–15 nm, no texture in the structure being seen. The har�
dness (Нμμ) is measured to be >40–50 GPa at optimum com�
positions and conditions of synthesis. It can be assumed that
superhardness will be achieved with multi�phase grain�
boundary interlayers >1 nm.

1. Introduction

Within the past 10 years a number of superhard
(Нμ>40 GPa) and ultrahard (Нμ=80÷100 GPa) [1–3]
nanocomposite n�MeN/а�phase�type coatings
(n�MeN – nanocrystal nitrides of transition metals
Ti, Zr, Ta, W, а�phase – amorphous phase SiNx, BN,
TiB2) have been developed. During deposition, there
occurs thermodynamically�induced phase separa�
tion to form nanocrystal nitrides and amorphous
phases insoluble in them at Т<(1100÷1200) °С. The
latter segregate at nanocrystal boundaries and inhibit
grain growth. The nanocomposite structure and su�
perhardness of this coatings are thermally stable up
to Т=1100 °С [4, 5].

The hardness Нμ>40 Gpa and its reliable repro�
ducibility can be achieved provided certain deposi�
tion conditions are fulfilled (temperature interval,
optimal silicon content, and partial nitrogen pressu�
re sufficient for formation of a number of amorphous
phases corresponding to the percolation threshold,
minimum impurity concentration, etc.) [3–5].

According to [3, 4, 6], the nanosize of nitride cry�
stals and the presence of a fine interlayer (<1 nm) of
amorphous phase with highly strong interatomic

bond with the crystal�phase atoms are the factors
responsible for superhardness in nanocomposites.
First, this suppresses dislocation plasticity, second,
makes an effective hindrance to nucleating microc�
rack propagation, and, third, renders grain�bounda�
ry sliding impossible.

Superhardness (Нμ=40÷50 GPa) was also achie�
ved in TiN�Cu, ZrN�Ni, and ZrN�Y coatings, whe�
re a metallic phase is segregated at the nitride nanoc�
rystallite [4,7]. However, the maximum values of Hμ

for these coatings are found at d=20÷30 nm, that is,
on realization of dislocation plasticity, and the har�
dness decreases down to 20÷25 GPa either at relati�
vely low annealing temperatures (Т<600÷650 °С)
[4,8] or at long times of aging at room temperature
[4]. 

High internal compression stresses are found in
all coatings with low thermal stability of superhar�
dness, the coatings being deposited under irradiation
of ions whose energy is higher than the threshold bi�
as energy. Due to this fact, superhardness is associ�
ated with the synergetic effect of small grain sizes,
high internal stresses, and radiative defects [4, 8]. 

It is noted in [4, 9] that internal stresses are of
great importance. Yet, hardness values prove to be
close in the Ti�Si�N and Ti�B�N coatings deposited
by magnetron sputtering, where compression stresses
appear to be extremely high (up to 10 GPa) [10] and
in the Ti�Si�N coatings deposited by РСVD where
internal stresses are insignificant [11].

A fine defect structure of nanocrystallites, the
presence of impurities, and their complexes with lat�
tice  defects can be the most important factors for su�
perhardness to be achieved. Unfortunately, the de�
fect substructure in nanocrystal states is still not un�
derstood due to the problems of its experimental exa�
mination. It is noted in [12], that a subgrain structu�
re is likely to exist in the TiN coatings with a grain si�
ze of d=20÷25 nm, however, the attempts to investi�
gate into it failed. Of special interest are the experi�
mental data characterizing the states of defect struc�
tures in nanocomposite coatings.
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We have developed a special technique [13] of
electron microscope analysis of misorientations of
crystalline lattice which allows us to quantify the ela�
stic�plastic  tensor components of curvature�torsion
of the lattice with assessment of local internal stres�
ses. In this work, we have studied some features of
phase�structure states and defect substructure of na�
nocrystal Ti�Si�B�N coatings of varying composition
using the foregoing method.

2. Experimental technique

The coatings were deposited by magnetron sputte�
ring simultaneously from two cathodes and plasma gen�
erator of nitrogen ions. One of the cathodes was a com�
pound of titanium, silicon, and boron in equal propor�
tions, whereas the second one – titanium of  99.7 %.
The titanium content was varied by adjusting cathode
currents (Table 1). Use was made of the Ar+N2 mixtu�
re at the partial nitrogen pressure ~ 0.04 Pа. 

Table 1. Deposition regimes for coatings and their
microhardness

3. Experimental results

A microdiffraction pattern testifying to the prefer�
red orientation of coating nanocrystals with respect to
substrate grains (Fig. 1, a) is revealed  for a thin layer
(h<150 nm) adjacent to the substrate in coatings  4
(Table 1). The crystallite size in the coating is found to
be 20÷25 nm (Fig. 1, b). In so doing, we observed only
those reflections which correspond to titanium nitride
TiN with the lattice constant а=(0.421±0.001) nm. 

A growth texture <200> is developed with incre�
ase in the coating thickness as evidenced by the ab�
sence of diffraction ring (111) in the microelectron
diffraction patterns (Fig. 2, a). A characteristic fea�
ture of contrast is the presence of a large number of
multiple narrow extinction contours (Fig. 2, b)
which continuously move as the foil in the microsco�
pe column is tilted, and this is typical of the structu�
res with a high curvature of crystal lattice [13]. In this
case, the grain size can be measured from the extin�
ction�contour motion in the dark field as the speci�
men is tilted in the microscope column. The grain si�
ze was measured to be 0.1÷0.2 μm. 

Notably, a speckled contrast (Fig. 3) is revealed in
the dark�field images of extinction contours. A regu�
lar change in the contrast with the specimen tilt  sug�
gests the presence of grain�boundary angles between
the corresponding regions in the crystal. The angles
were estimated to be <5°. 

Fig. 1. Diffraction pattern (a) and dark field image
(b) of TiN�Si�B (No 3, tab. 1) coating near coating�
substrate interface

Fig. 2. Diffraction pattern (a) and bright field image
(b) of TiN�Si�B (No 3, tab. 1) coating on 1 μm from
coating�substrate interface

Thus, the TiN microcrystallites in the coatings
under study possess a two�level structure. The frag�
mentation leads to continuous rings in microelec�
tron diffraction patterns (Fig. 2, a) instead of reflec�
tions from individual grains observed in the case
where the grain size d=0.1÷0.2 μm. 

The two�level structure makes the most volume
of the coating. In addition, one can observe regions
with the nanocrystalline structure whose grain size is
10÷15 nm.
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No.
Cathode current relation Ti/Ti�Si�B;

deposition temperature
Mean hardness Нμ, GPа

1 1/1; Т = 200 °С 21÷24

2 3/1; Т =200 °С 33÷34

3 4.5/1; Т =200 °С 43÷46

4 5.6/1; Т =200 °С 43÷46

5 5.6/1; Т = 400–450 °С 50÷55
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Fig. 3. Dark field image of TiN�Si�B (No 3, tab.1)
coating

The revealed inhomogeneity was assumed to po�
int to incompletion of phase separation in the multi�
element system under investigation at a relatively low
(Т=200 °С) synthesis temperatures of coating. In this
connection, the structure of phase separations was
examined at elevated synthesis temperatures
400÷450 °С. It was found that the proportion of the
two�level structure is significantly decreased, and
such a coating is largely a nanostructure with the
grain size d=10÷15 nm (Fig. 4, b). No texture was
observed in this case (Fig. 4, a).

Fig. 4. Diffraction pattern (a) and bright field image
(b) of TiN�Si�B (No 5, tab. 1) coating on 1  m from
coating�substrate interface

Coating structure is essentially changed through�
out the thickness with increase in the silicon content.
A nanocrystalline structure with random TiN cry�
stallite (d=10 nm) orientation is seen in the region
where the coating is adjacent to the substrate. The
structure remains nanocrystalline as the coating
thickness is increased, and no increase in the grain
size is found (Fig. 5, b). The ring widths (200) and

(220) (Fig. 5, a) are markedly increased, which is
due to the decrease in crystallite size. In the micro�
elecron diffraction pattern, one can clearly see an
increased diffuse�scattering background (Fig. 5, a),
which suggests a significant volume fraction of an
amorphous component in the structure. Moreover,
fairly extensive regions are manifested where such a
considerable broadening of diffraction rings and high
diffuse�scattering background are revealed that the
structure should probably be qualified as an amor�
phous�crystalline one. 

As the titanium concentration is increased as
compared with the alloying components in the coa�
tings, their hardness Нμ considerably increases and
achieves the values typical of superhard coatings
(Table 1). The values of Нμ listed in the table were ob�
tained at Р=200 mN, where the indentation depth
was about half the coating thickness. In this case, the
measured hardness corresponds to the hardness of the
substrate�coating composition due to plastic defor�
mation of the substrate. In this connection, nanohar�
dness was measured at the indenter loads 20 mN and
8 mN. Figure 6 shows several loading�unloading cur�
ves as examples. At 20 mN, Нμ appears to be close to
those given in Table 1, whereas the hardness values
essentially exceed those as the load is decreased down
to 8 mN. For example, coating  4 (table 1) has the
hardness Нμ�70 Gpа at a load of 8 mN.

Fig. 5. Diffraction pattern (a) and bright field image
(b) of TiN�Si�B (No 2, tab. 1) coating

It was pointed out above that the microstructure
changes from a two�level grain one to a nanocrystalline
with increase in the synthesis temperature of coatings
from 200 up to 400÷450 °С. Obviously, the separation of
phases involved must be more complete in this case.
The hardness values measured at Р=200 mN were also
found to be essentially higher than those obtained upon
deposition of  coatings at 200 °С (Table 1). Thus, su�
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perhard Тi�Si�B�N coatings with high contents of ox�
ygen and carbon impurities can be produced by optimi�
zing compositions and deposition conditions.

Fig. 6. Nanohardness test of  TiN�Si�B (No 4, tab. 1)
coating

4. Discussion

The presence of a two�level grain structure is one
of the most interesting features of coating micros�
tructure resulting under low�temperature deposition
(Т=200 °С). In so doing, regular misorientation of
nanosized subgrains is revealed which is similar to
that observed under polygonization of bend crystals.
It should also be noted that the axial structure (200)
is observed in the presence of the two�level grain
structure, and grain size values measured from X�ray
line broadening by X�ray diffraction analysis are
found to be close to those of fragments (15÷20) nm
with low grain�boundary angles (Fig. 3).

It is well known that the grain size found by X�ray
diffraction is (20÷25) nm for very much pronounced
texture (111) of the ZrN/Cu coatings [14] and texture
(200) for the ZrN/Y coatings [7]. It can be assumed
that in fact these values correspond to the regions of
coherent scattering of crystals in a columnar structu�
re. The cross�sections of the crystals far exceed the fo�
regoing grain size. This assumption is supported by the
presence of strong texture. Indeed, it seems unlikely
that on the surface of a growing coating there occurs
continuous nucleation of preferred�oriented grains.

We believe that the texturized n�MeN/ metal or n�
MeN/а�phase coatings must have a two�level grain
structure, similar to that found in this work, with sub�
microcrystalline (d=0.1÷0.3 μm) in the cross�sections
of columnar crystals subject to fragmentation into the
nanosize subgrains d=25÷30 nm with low grain�boun�
dary angles. The fragmentation appears to result from

polygonization of highly defective elastically�strained
columnar crystals. The low�angle boundaries are
known to be made of individual dislocations, therefo�
re at these boundaries there is no preferred formation
of layers of a grain�boundary phase suppressing grain
growth. This may be assumed to result in a low ther�
mal stability of superhardess states for n�MeN/metal
coatings due to relaxation of the defect substructure at
relatively low temperatures (Т<700 °С)

Thus, superhard coatings with columnar structure
have low thermal stability and are not in essence na�
nocomposite coatings. In this context, the coatings
with two�level structure we deposited at low�tempe�
rature synthesis are not nanocomposite and must ha�
ve a low temperature of superhardness degradation.

It was emphasized in [4,11,2] that neither colu�
mnar structure nor texture are observed in superhard
nanocomposite coatings deposited under synthesis
conditions optimal for phase separation.

In accordance with the foregoing, the coatings depo�
sited at Т=400÷450 °С can be considered as nanocom�
posite ones, though their grain size d = 15   20 nm far ex�
ceeds that typical of superhard nanocomposite coatings
(d=3÷8 nm) [4, 10]. In [2, 11], superhardness in the na�
nocomposite  n�TiN/a�BN coatings was also achieved at
the grain size d = 20   25 nm. This gives grounds to expect
that the presence of a fine grain�boundary interlayer
(Δh<1 nm) is not critical for achieving superhardness.

We believe that superhardness can be achieved at a
fairly high hardness of grain�boundary phases. In addit�
ion to this factor, the presence of many phases in the
grain�boundary layer separating nanocrystallites seems
to be of a critical importance. Obviously, the latter, res�
ulting in the complexity of accommodation of nuclea�
ting�crack propagation, the changes in the dislocation
Burgers vectors and sliding systems at the phase boun�
daries must increase adhesive strength of nanocompo�
site boundaries. This leads us to suggest that it is multi�
element systems that must be promising for deposition
of superhard nanocomposite coatings, since mutually
insoluble amorphous nanocrystalline grain�boundary
phases are formed in such systems under synthesis. The
presence of boron, oxygen, carbon, nitrogen, and sili�
con in the composition of the coatings studied seems to
lead to formation, in addition to nanocrystalline
Ti1–xSixN, of amorphous, or amorphous�crystalline
phases similar to borides, carbides, and oxides. These
phases possess high interatomic bonds and hardness.
Therefore, superhardness is observed even in the case
where the grain�boundary thickness exceeds 1 nm. 

The work was supported by RFBR grant No 05�
08�01277 and BRHE program (project No 016�02).
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