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The basic ideas of investigating strain characteris-
tics upon continuous indentation of an indenter were
formulated in the mid-1970s (see, for example, [1–5]).
This method has been extensively used in studies of
films and surface layers, specifically upon nanoindenta-
tion under small loads (see, for example, [6–9]). A great
body of data on the hardness 

 

H

 

 and the elastic modulus

 

E

 

 was obtained by the indentation technique. In partic-
ular, valuable information on films based on interstitial
phases (transition metal carbides, nitrides, and borides)
was generalized in the review [10]. Interesting tech-
niques of examining the microindentation kinetics
were proposed by Golovin and Tyurin [11]. However,
the observed dependences of 

 

H

 

 and 

 

E

 

 on the indenta-
tion load 

 

P

 

 have yet to be unambiguously interpreted,
and the reliability of the strain parameters is not univer-
sally obvious and is not necessarily discussed. The sole
exception is the work of Menchik 

 

et al.

 

 [9], who
attempted to unify the techniques of determining 

 

E

 

 in
nanoindentation experiments with ball diamond indent-
ers. From general considerations and in relation to the
study of size effects in nanostructured materials (spe-
cifically in films) [12], it is important to reveal the
degree of absolute reliability of the data obtained from
nanoindentation measurements.

As a continuation of our earlier work concerned
with the determination of the hardness and elastic prop-
erties of Ti(B,N) films by conventional methods [13], it
was of interest to investigate the same films by the
nanoindentation method. The conditions of magnetron
sputtering and the characteristics of the
Ti(B
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) with a hexagonal
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Ti(N
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 film (

 

II

 

) with a cubic struc-

ture of the NaCl type were given in [13]. Single-crystal
silicon wafers were used as substrates. The film thick-
nesses were 

 

δ

 

I

 

 = 1.7–1.8 

 

µ

 

m and 

 

δ

 

II

 

 = 1.2–1.3 

 

µ

 

m.

The structural features were examined by the high-
resolution transmission electron microscopy (JEM-
3010). The crystallite sizes (

 

L

 

) were estimated on the
basis of dark-field images as 

 

L

 

I

 

 = 4–8 nm for film 

 

I

 

 and

 

L

 

II

 

 = 3–6 nm for film 

 

II

 

. Figure 1 shows a micrograph
obtained in the direct resolution mode. One can clearly
see a characteristic fringe structure and the crystalline
character of intercrystalline boundaries. These features
were described in detail in our previous work [14].
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Abstract

 

—The hardness, elastic modulus, and elastic recovery of nanostructured boride/nitride films 1–2 

 

µ

 

m
thick have been investigated by the nanoindentation technique under the maximum loads over a wide range
(from 5 to 100 mN). It is demonstrated that only the hardness parameters remain constant at small loads
(5

 

−

 

30 mN). The data obtained are discussed and compared with the parameters determined by other methods.
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Fig. 1.

 

 An image of the structure of film 

 

I

 

 in the direct reso-
lution mode.
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The nanoindentation measurements were carried
out on a Nano Indentor TM II instrument [15] with the
use of Berkovich trihedral diamond indenters. The
maximum loads 

 

P

 

max

 

 were equal to 5, 10, 30, and
100 mN. As before (see, for example, [16]), the load-
ing–unloading procedure consisted in loading up to

 

P

 

max

 

, unloading down to 0.1

 

P

 

max

 

, holding for 50 s,
repeated loading to 

 

P

 

max

 

, holding for 200 s, and final
unloading. At least ten indentations were made for each

 

P

 

max

 

 load.
Figure 2 illustrates the loading–unloading scheme

and the estimation with the use of the measured param-
eters. According to the known technique [7], these
parameters were used to evaluate 

 

H

 

 = 

 

P

 

max

 

/

 

A

 

, 

 

S

 

 =

 

dP

 

/

 

dh

 

, the elastic modulus of the “film + indenter” sys-
tem 

 

E

 

* = 

 

S

 

/2(

 

π

 

/

 

A

 

)

 

0.5

 

, and the so-called elastic recovery

 

R

 

 = (

 

h

 

max

 

 – 

 

h

 

f

 

)/

 

h

 

max

 

, where 

 

A

 

 is the indenter projection
area determined from the maximum depth of indenter
penetration 

 

h

 

max

 

. In turn, the elastic modulus of the film

 

E

 

film

 

 was calculated from the relationship 1/

 

E

 

* = (1 –
)/

 

E

 

ind

 

 + (1 – )/

 

E

 

film

 

, where 

 

ν

 

ind

 

 and 

 

ν

 

film

 

 are the

Poisson ratios of the indenter and the film (

 

ν

 

film

 

 ~ 0.2),
respectively; and 

 

E

 

ind

 

 is the elastic modulus of the
indenter (for diamond, 

 

E

 

 = 1141 GPa and 

 

ν

 

 = 0.07 [7]).
The experimental loading–unloading curves for the

studied films are depicted in Fig. 3. The dependences of
the strain characteristics on 

 

P

 

 are displayed in Fig. 4. As
follows from the results obtained, only the hardness 

 

H

 

is independent of 

 

P

 

 at small loads (

 

P

 

 = 5–30 mN). The

 

R

 

 and 

 

E

 

 quantities in the studied 

 

P

 

 range increase with
a decrease in the load. Note that brittle films 

 

I

 

 and 

 

II

 

 are
almost identical in the elastic recovery, i.e., the very
conventional parameter of brittleness (the perfect plas-
ticity and the perfect elastic recovery correspond to 

 

R

 

 =
0 and 1, respectively), whereas the hardnesses 

 

H

 

 and
the elastic moduli 

 

E 

 

of the films differ considerably.
In this respect, it is of interest to compare the 

 

H

 

 and

 

E

 

 quantities determined from the nanoindentation mea-
surements with the experimental data obtained by con-
ventional methods. According to [13], 

 

H

 

I

 

 ~ 49 and 

 

E

 

I

 

 =
460 

 

±

 

 50 GPa for film 

 

I

 

 and 

 

H

 

II

 

 ~ 49 and 

 

E

 

II

 

 = 480 

 

±

 

100 GPa for film 

 

II. The data on the hardness were
obtained with a PMT-3 microhardness tester at a load of
0.3 N and were processed according to the procedure
described in [17], which made it possible to eliminate
the effect of a softer substrate and differences in film
thicknesses on the results of measurements. The Young
moduli were determined by the contactless technique
of measuring the elastic properties. A comparison of
these data with the results demonstrated in Fig. 4 led to
the conclusion that different techniques of determining
H and E furnish the comparable results for film I,
whereas the nanoindentation measurements for film II
give the smaller parameters.

However, this inference requires certain comments.
It should be kept in mind that the hardness characteris-
tics obtained in traditional measurements can be larger

ν
ind2 ν

film2

L
oa

d,
 n

m

Penetration, nm
hmax

hf

S

Pmax

Fig. 2. Schematic representation of the dependences of the
load on the penetration of an indenter under loading and
unloading.
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Fig. 3. Experimental loading–unloading curves at (a, b)
Pmax = 5 mN and (c) Pmax = 100 mN for films (a, c) I and
(b) II.
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than those determined by the nanoindentation tech-
nique due to the known relaxation effect (the so-called
recovered and unrecovered hardnesses). Moreover, it is
worth noting that the thicknesses of the studied samples
differ, and, hence, the relative depths of indenter pene-
tration h/δ are also different. For example, this ratio at
P = 5 mN is equal to 0.034 for film I and 0.057 for film
II. At larger loads, this difference becomes all the more
evident, and the effect of the substrate should be taken
into account. In the general case, the scale effect, i.e.,
the effect of the indentation load on the strain charac-
teristics, can be due to the scaling violation [18] and the
inhomogeneity of the surface layers in the studied
objects. As follows from recent publications (see, for
example, [19–21]), the surface topography also plays
an important part at very small loads (~10 mN and
less). The investigation of the Ti(B,N) film surface by
the atomic-force microscopy [20] revealed that the
relief of films II is more developed than that of films I,
which can be partly responsible for a decrease in the

estimates of H and E. Finally, the elastic modulus E
evaluated from the nanoindentation data characterizes
the strained state under conditions of nonuniform bulk
compression. All these factors can affect the measured
parameters, but this effect is difficult, if not impossible,
to consider them quantitatively

It should be noted that, unlike the results shown in
Fig. 4, our earlier nanoindentation experiments [22]
made on films I with the use of the first nanoindenter
model [6] demonstrated a drastic increase in the hard-
ness with a decrease in the load Pmax from 50 to 10 mN.
On the other hand, the errors in measurements of the
parameters, specifically of the hardness, sharply
increased at small loads (less than 10–20 mN) [20, 23].
On this basis, it is clear that the reliability of strain
parameters obtained from the nanoindentation data is
rather conventional, and the contribution of possible
effects should be considered in detail in each particular
case.
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