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The results of studies of the structure and physicochemical properties of nanostructured
films based on refractory carbides, borides, and nitrides are generalized. The possibility to
obtain diamond�level hardness values is considered. The thermal stability of the hardness and
the nanostructure of the films is discussed. The phase diagrams of refractory compounds in the
nanocrystalline state are considered. The results of high�temperature oxidation of nanocrystal�
line and amorphous films are described.
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In recent years, the design of novel promising materi�
als has been increasingly focused on the nanostructure
approach based on the use of the advantages of nanostruc�
ture according to which the size of the major structural
units (grains, phase inclusions, layers, pores, etc.) is in the
range from 1—2 to ~100 nm. The possibility of producing
diverse materials with high levels of physicochemical and
physicomechanical properties provided by nanostructure
attracts the attention of scientists and engineers. This is
obvious from both the considerable expansion of the re�
search and design works related to nano problems and the
pronounced increase in the information flow (see, for ex�
ample, Refs 1 and 2).

Refractory compounds are carbides, borides, nitrides,
oxides, and other phases with melting points higher than

2000 °C.3 They form the basis of many technologically
important materials for which transition to the nanocrys�
talline state can be accompanied by considerable enhance�
ment of their characteristics. The lack of sufficient data on
this topic (as compared with the information for metals
and alloys) was emphasized in reviews.4,5 It was of scien�
tific and practical interest to elucidate the effect of the
crystallite size on the hardness, electrical resistance, and
other properties and on the change in the phase diagrams
and the behavior of nanostructures upon oxidation. The
choice of films as investigation objects was dictated by the
possibility to use pore�free samples with lower impurity
contents and with broad grain size ranges, which is hardly
practicable in the case of powder production techniques.6

Moreover, films of refractory compounds are of interest by
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themselves for many applied fields (mechanical engineer�
ing, power engineering, electronics, etc.).

In our works, multilayer nitride films were prepared in
nitrogen plasma by vacuum arc deposition,7,8 and single�
layer films based on borides, nitrides, and carbides were
obtained by non�reactive magnetron sputtering.9

Hardness. Thermal stability

The effect of the number of layers in the multilayer
TiN/NbN, TiN/ZrN, and TiN/CrN films on their micro�
hardness (HV) is illustrated in Fig. 1; the total thickness of
all films was the same and equal to 2 μm.7,8 From these
data, it is quite obvious that HV  considerably increases
with a decrease in the layer thickness (i.e., with an in�
crease in the number of layers) and, hence, with an in�
crease in the number of interfaces, which serve as locks in
the dislocation and crack propagation. The non�mono�
tonic change in HV  for the TiN/CrN films is caused by the
formation of a solid solution, (Ti,Cr)N, in the TiN—CrN
system (the lowest�temperature system compared with
TiN—NbN and TiN—ZrN). This was detected by powder
X�ray diffraction and confirms the crucial locking func�
tion of interfaces. The strengthening caused by the forma�
tion of the solid solution is less efficient for the enhance�
ment of hardness than the effect of interfaces.

Note that the diamond�level hardness characteris�
tics were first obtained almost at the same time by sev�
eral independently working research teams (Austria,
former�USSR, USA, Germany, and Sweden), who
studied single� and multi�layer films based on nitrides,
borides, and carbides (Table 1). In all probability, the
decrease in the hardness of multilayer TiN/VN films
at a monolayer thickness of <3 nm (see Ref. 13) is also
caused by disappearance of interfaces as a result of mutu�

al heterodiffusion and formation of the (Ti,V)N solid
solution.

A non�monotonic variation of hardness as a function
of the nanocrystallite size (L) was also observed for boron
nitride samples prepared at high pressures and tempera�
tures (16—20 GPa, 1500—1900 °C).15 The maximum
hardness was found at L = 14±2 nm (HV = 85±5 GPa) for
an aggregated nanocomposite (two�phase structure of
sphalerite and wurtzite BN modifications) and at L ≈ 40 nm
(HV = 59±3 GPa) for the sphalerite BN modification. This
variation is similar to the situation observed for nano�
metals,16 although its nature requires further investigation.

High hardness values at a ~100 GPa level were ob�
tained for nanocomposite TiN/Si3N4 films,17 but only
a few researchers were able to reproduce these results. In
a review,18 data on these films were analyzed in detail and
the deviations of the results were attributed to the difficulty
of maintaining the equilibrium nitrogen pressure during the
production of films and to the effect of oxygen impurities.

The evolution of hardness and other properties of sin�
gle�layer films based on TiB2—TiN and TiB2—B4C sys�
tems was studied with allowance for the effect of addi�
tional external magnetic field (AEMF) and of the temper�
ature annealing.9,19—23 Tables 2 and 3 present some of
these data.

The obtained results can be briefly summarized as
follows:

— The application of AEMF during the magnetron
sputtering of two� and three�component boride, nitride,
and carbide films is accompanied by a decrease in the
grain size and an increase in the hardness. This is observed
not only for crystalline films but also for amorphous ob�
jects. Analysis showed also that these changes are attribut�
able to higher concentration of the plasma discharge near
the substrate and, hence, higher concentration of the de�

Fig. 1. Variation of the microhardness (HV) of multilayer nitride
films vs. the number of layers (n): TiN/NbN (1), TiN/ZrN (2),
TiN/CrN (3).8
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Table 1. Single� and multi�layer films based on refractory com�
pounds with hardness at the level of superhard materials

Compound Microhardness Reference
/GPa (δ/nm)*

Single�layer films

Ti(B,C,N)X ~70 10
Ti(B,C,N)X ~60 11
B4C 50—70 12

Multilayer films

TiN/VN 54 (3) 13
TiN/NbN ~50 (100) 7, 8

~78 (11)
TiN/NbN 48 14
TiN/ZrN ~44 (100) 7, 8

~70 (11)

* δ is the monolayer thickness; the total film thickness is 2—3 μm.
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Table 2. Composition, structure, average grain size (L), and microhardness (HV) of the films sputtered without AEMF (I)
and with application of AEMF (II) (induction of 0.04 T)20

Target Approximate formulaa Structural I II

(wt.%)
type

L/nm HV/GPa L/nm HV/GPa

TiB2 Ti(B0.73N0.2O0.05C0.02)1.56 AlB2 3.6±1.8 32—39 3.3±1.1 42—48
TiB2+TiN(25) Ti(B0.56N0.29O0.05C0.1)1.32 AlB2 2.3±1.1 28—34 —b 44—48
TiB2+TiN(50) Ti(B0.36N0.42O0.15C0.07)1.56 NaCl 2.9±1.5 31—36 1.8±0.3 52—58
TiB2+TiN(75) —b NaCl 5.9±4.0 25—30 6.5±2.3 44—49
TiN Ti(N0.6O0.2C0.2)1.58 NaCl 29±15 23—28 8.8±2.2 36—42
TiB2+B4C(25) —b AlB2 8.5±4.0 40—46 2.9±0.3 54—58
TiB2+B4C(50) —b Amorphous — 44—50 — 60—68

structure
TiB2+B4C(75) —b The same — 46—54 — 62—71
B4C —b The same — 42—50 — 48—56

a According to layer�by�layer Auger analysis.
b Not determined.

posited ions, which, in turn, affects the increase in the
number and the growth rate of crystallization centers.21 In
addition, by decreasing the grain size, AEMF also narrows
down the grain size distribution.

— As shown by powder X�ray diffraction and atomic
force microscopy studies of the films, the application of
AEMF induces a change in the texture of crystalline films
and decreases the surface roughness.

— According to the estimate of the averaged chemical
composition of the films by the Auger spectroscopy data
(TiB2—TiN system),9 the films are superstoichiometric
and contain oxygen, nitrogen, and carbon impurities. The
use of Rutherford backscattering spectroscopy for the
TiB2—B4C system revealed that application of AEMF de�
creases the carbon concentration in the films.22

— A study of the electrical and galvanomagnetic prop�
erties of the TiN films with different grain size (L = 29±15
and 8.8±2.2 nm) showed that the distribution of oxygen
and carbon impurities within the grains and at the grain
boundaries can be regarded as virtually homogeneous and
that the conductivity of these films upon a decrease in the

grain size is determined by only the mobility of carriers
(electrons), which decreases through their scattering at
the crystallite interfaces, and the number of carriers does
not depend on the grain size.23

— The thermal stability of the films was studied in
many works (see, for example, Refs 7, 18—20, 24—26). It
can be seen from Table 3 (the data for the initial films are
given in Table 2) that a pronounced change in the hard�
ness of single�layer TiB2—TiN films starts at ~1000 °C.
Multilayer films are more thermally stable.7,24—28 Note
that their thermal stability increases with a decrease in the
layer thickness (Fig. 2).26 This situation related to the
specific features of free energy variation in nanomaterials
was described in detail in a review.25 An example of un�
usual variation of the hardness during the annealing is
observed in films based on systems susceptible to spinodal

Table 3. Effect of the temperature of annealing (Tann) for 15 min
on the grain size (L) and microhardness (HV) of the TiB2—TiN
films (1—2 μm thick)19

Target Tann = 700 °C Tann = 1000 °C
(wt.%)

L/nm HV/GPa L/nm HV/GPa

TiB2 —* 40—46 —* 35—39
TiB2—TiN(25) 4.4±1.4 40—45 —* 32—38
TiB2—TiN(50) 3.7±1.2 47—54 3.4±1.9 38—45
TiB2—TiN(75) 8.1±4.4 52—58 7.9±3.8 32—42
TiN 13.0±6.6 38—42 10±7.0 33—40

* Not determined.

Fig. 2. Microhardness (HV) of multilayer TiN/AlN films vs.
annealing temperature under argon for 2 h. The total film thick�
ness is 300 nm; the thickness of individual layers is 2.9 (1) and
16 nm (2)26.
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decomposition, as shown in Fig. 3 for (Ti,Zr)N and
(Ti,Al)N—Si3N4 films. At high temperatures, single�phase
TiN—ZrN and TiN—AlN systems decompose to give nan�
odispersed phases, which induces an increase in the hard�
ness as the annealing temperature is raised. Films based
on these systems represent a peculiar example of so�called
smart materials, which not only do not lose their proper�
ties, including hardness, during operation but can even
improve them somewhat.

— Analysis of the obtained results also showed that the
unambiguous relation between the hardness and the grain
size cannot always be followed (see Tables 2 and 3), be�
cause the properties of the nanomaterials are determined,
apart from the grain size, by many other factors (state of

grain boundaries, impurities and their segregation, grain
shape, residual stresses, etc.). The role of size effect and
interfaces in the formation of  properties of nanomaterials
(in particular, films as typical nanomaterials) was described
in detail in reviews.29,30

Evolution of phase diagrams in the nanorange

The general characteristics of the effect of the ultradis�
perse state on the shift of phase equilibria in heterophase
systems (in particular, in the Zr—C system) were present�
ed in monographs.31,32 It was of interest to consider this
issue as applied to nanocomposites based on refrac�
tory compounds. It is known3 that TiB2—TiN (TiC),
TiB2—B4C, and TiN—AlN pseudobinary diagrams are of
eutectic type with minor mutual solubility of components
in the solid state. Previously, we attempted to evaluate the
type of these diagrams considering the component disper�
sity.4,21,25,33,34 Using the expressions for the partial free
energies of the system in the liquid and solid states (in the
latter case, the excess component of the grain�boundary
surface energy was included) in the simplest approxima�
tion of the theory of regular solutions, the relations that
reflect the effect of the component dispersity, for exam�
ple, on the decrease in the eutectic temperature ΔTЕ were
obtained:

ΔТЕ = ΔG2/(Rlnx), (I)

ΔТЕ = ΔG2/(RlnxE – ΔSM2
), (II)

ΔТЕ = ΔG1/[(1 – xE)/(1 – x) – ΔSM1
], (III)

where ΔGi is the contribution of the excess grain�boundary
surface energy per mole, ΔGi = 6Viσi/Li, Vi is the molar
volume, σi is the grain�boundary surface energy, х and
xE are the concentrations of the limiting solubility and
eutectics, respectively, ΔSMi is the entropy of melting and
Li is the inclusion (grain) size.

Relations (I)—(III) are equivalent, and their practical
application depends on the presence of specific data for
components 1 and 2. Tables 4—6 summarize the calculat�
ed ΔTЕ and TЕ values for the TiB2—TiN, TiB2—TiC,
TiB2—B4C, and TiN—AlN systems. It can be seen from
these data that an appreciable decrease in the eutectic
temperature may occur when the size of the disperse com�
ponent is of the order of several tens of nanometers. No
data on the grain�boundary surface energy for these sys�
tems are available, and Table 6 presents the results for
three probable σi values (the data of Tables 4 and 5 refer to
σi = 3 J m–2). Taking account of the phase composition of
the films for the TiB2—TiN system (see Table 2), the
dashed lines in Fig. 4 show the approximate diagram of
this system for film samples with a grain size of ~10 nm;
for comparison, the equilibrium diagram is also given.3,34

Fig. 3. Effect of the annealing temperature on the hardness of
films based on TiN—ZrN (a: ZrN (1), TiN (2) systems, ten�
layer TiN/ZrN film (3), doped (Ti,Zr)N film (4), twenty�layer
TiN/ZrN film (5)),7 and TiN—AlN (in the amorphous Si3N4
matrix) (b: hardness (1), grain size (2)).18
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sign of refractory materials based on nanocrystalline re�
fractory compounds.

Oxidation of nanocomposite films

High�temperature oxidation of film nanocomposites
based on AlN was considered in a study that we performed
together with Ukrainian and French specialists.35 Figure
5 shows the DTA and DTG curves for oxidation of the
films obtained by non�reactive magnetron sputtering on
the following targets (wt.%): AlN+TiN(50) (film 1),
AlN+TiB2(50) (film 2), and AlN+TiB2(10)+SiC(20)
(film 3). It can be seen from these data that under the
heating conditions applied (15 °C min–1), noticeable oxi�
dation of films 1—3 starts at ~750, ~950, and ~1020 °C,
respectively. The temperatures of the onset of vigorous
oxidation are arranged in the same order (~1100, ~1200,
and ~1300 °C), film 3 being most resistant against oxida�
tion. Comparison of the presented results with the data for
coarsely crystalline samples oxidized under the same con�
ditions showed that the specific weight gain on oxidation
is 4—5 times lower for film samples. This interesting con�
clusion deserves special discussion.

The key reactions that may occur during the oxidation
of films 1—3 are given below in the general form.

1

2 (Ti1–yAly)Nx + (2 – y/2) O2 →

→ 2(1 – y/2) TiO2 + y Al2O3 + x N2 (1)

TiO2 + Al2O3 → Al2TiO5 (2)

2

2 TiB2 + 5 O2 → 2 TiO2 + 2 B2O3 (3)

4 AlN + 3 O2 → 2 Al2O3 + 2 N2 (4)

2 Al2O3 + B2O3 → Al4B2O9 (5)

9 Al2O3 + 2 B2O3 → Al18B4O33 (6)

Fig. 4. Phase diagram TiN—TiB2 for coarsely crystalline (solid
lines) and film (dashed lines) samples (grain size ~10 nm);34 x is
the weight fraction of TiB2 in the system.
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Table 4. Decrease in the eutectic temperature (ΔTЕ)
for the pseudobinary systems TiB2—TiN(TiC) and
TiN(TiC)—TiB2 at different dispersity of the second
component9,25 *

L/nm ΔТЕ/К

TiB2—TiN(TiC) TiN(TiC)—TiB2

200 35 45
100 70 90
20 350 450
10 700 900

* For coarse�grain TiB2—TiC and TiB2—TiN samples,
TЕ values are 2790 and 2870 K, respectively.3

Table 5. Eutectic temperature TЕ for the pseudobi�
nary system TiN—AlN at different grain size (L) of
the components*

L/nm ТЕ/К

TiN AlN TiN, AlN

200 2660 2710 2650
100 2610 2690 2590
20 2160 2565 2110

* For coarse�grain samples, TЕ = 2715 K.33

Of course, one should bear in mind that the performed
calculations are rough, which is due to both limitations of
the regular solution approach and the uncertainty in the σ
values. Nevertheless, these calculations may be very useful
for estimating the top operating temperatures in the de�

Table 6. Decrease in the eutectic temperature (ΔTЕ)
for the system TiB2—B4C in films with different
grain size (L) at different grain�boundary surface
energy (σ)21 *

σ/J m–2 ΔТЕ/К

L = 5 nm L = 10 nm

3 1000 500
2 670 340
1 340 170

* For coarse�grain samples, TE = 2580 K.
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3

SiC + 2 O2 → SiO2 + CO2 (7)

3 Al2O3 + 2 SiO2 → 3 Al2O3•2 SiO2 (8)

In addition, reaction (2) proceeds for film 2 and reac�
tions (2)—(6) occur for film 3.

This list of reactions does not take into account the
possible effect of impurities (for example, iron, the pres�
ence of which is related to powder grinding for production
of the targets), the formation of non�stoichiometric phas�
es, and reactions with nitrogen. It is obvious from general
considerations that high�temperature interaction of these
films with air is a multistage process. The initial step of
oxidation of almost any film involves the formation of
rutile and (in the case of films 2 and 3) boron oxide layers.
In view of the known data on the oxidation of coarsely
crystalline objects of a similar composition, the DTA peak
at 1200 °C (film 1) can be attributed to reaction (2), while
peaks at 1240 and 1320 °C (film 2) correspond, most likely,
to reactions (5), (6), and (2). For film 3, the peaks at 1260
and 1390 °C are caused by reactions (7) and (4) to give
β�cristobalite and α�alumina, respectively; the peak at

1390 °C corresponds also to solid�state reactions (2) and
(8) giving aluminum titanate and mullite, respectively.
The last�mentioned two reactions determine apparently
the composition of the protecting layer on film 3. Since
the films are thin and the number of phases formed, for
example, by reactions (5) and (6), is rather small, the
phase composition is only partly confirmed by powder
X�ray diffraction data.

The data of X�ray spectral microanalysis obtained by
scanning of 0.2 mm�long areas on the film surface con�
firm the presence of a phase with composition resembling
aluminum titanate for films 1—3. Energy�dispersive anal�
ysis revealed enrichment of the surface layers with alumi�
num and depletion in titanium, while the scanning elec�
tron microscopy fractography analysis of the films identi�
fied the presence of columnar nanoinclusions in the nano�
crystalline matrix with characteristic sizes of  ~100 nm;
these inclusions were found only in film 3. In films 1 or 2,
no columnar inclusions were found and the size of the
structural components after oxidation was 300—600 nm.

Thus, high scaling resistance characteristics for film 3
can be explained by surface enrichment with aluminum
with the formation of a stable protecting layer. Crystalli�
zation of the columnar inclusions favors the retention of
the nanocrystalline structure and higher diffusion mobility.
It is customarily believed that due to the presence of
numerous interfaces, nanocrystalline materials have higher
diffusion mobility (permeability) and, hence, lower corro�
sion resistance than conventional coarsely crystalline ob�
jects.36 However, in our case, one can reasonably assume
that the nanostructure provided the mobile formation of
a stable protecting layer. This standpoint is confirmed by
the results of a study37 in which a higher scaling resistance
was found for the nanocrystalline Fe—Cr(10) alloy with
L = 52 nm than for the same microcrystalline alloy with
L = 1.5 μm. A higher content of chromium (and protect�
ing Cr2O3 film) for the nanocrystalline alloy was con�
firmed by independent methods.

The oxidation resistances of films based on simple and
complex refractory compounds (TiC, TiN, (Ti,Al)N,
(Ti,Al,Cr)N, Mo(N,Si), Ti(N,Si), etc.) were compared in
detail.38 Whereas for the nanocrystalline films based on
titanium compounds, the upper temperature limit of ap�
plication is about ~1000 °C, for silicon�based amorphous
films, the temperature limit increases by ~500 °C, and
Si—B—C—N�based films supported on sapphire and sili�
con carbide are stable at 1700 °C.

***

It should be emphasized that the problems of nano�
structured coatings, in particular, technology, strength,
physical properties, radiation resistance, simulation, and
applications were considered in the book39 and in a num�
ber of reviews.16,28,40

Fig. 5. DTA (1) and TGA (2) curves for the oxidation of AlN—
TiN(50) (a), AlN—TiB2(50) (b), and AlN—TiB2(10)—SiC(20) (c)
films.35
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The above�considered investigation results concerning
hardness, thermal stability, and oxidation of nanostruc�
tured films and the phase diagrams of these materials high�
light a number of problems that call for further in�depth
investigations. First of all, this is elucidating the regulari�
ties of diffusion in the nanocrystalline and amorphous
films, which would provide better understanding of their
thermal stability and corrosion resistance behaviors. The
phase diagram predictions should take into account the
specific thermodynamic behavior of nanosystems, this
would increase the reliability of calculations and would
stimulate experimental studies. Finally, extending the
knowledge of the properties of interfaces in nanostruc�
tures is a necessary basis for the design of new nanostruc�
tured materials with higher levels of physicochemical,
physicomechanical, and performance characteristics.

This work was supported by the Presidium of the Rus�
sian Academy of Sciences (Fundamental Research Pro�
grams No. 7 and 21).
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